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PREFACE 


Robert  R.  Corban 
Nuclear  Propulsion  Office 
NASA  l^wis  Research  Center 


The  Nuclear  Propulsion  Technical  Interchange  Meeting  (NP-TIM-92)  was  held  at  NASA  Le^s 
Research  Center’s  Plum  Brook  Station  in  Sandusky,  Ohio  on  October  20-Z3, 1992.  Over  200 
people  attended  the  meeting  from  government,  Pepartment  of  Energy’s  national  laboratories, 
industry,  and  academia.  The  meeting  was  sponsored  and  hosted  by  the  Nuclear  Propulsion  OfHce 
at  the  NASA  Lewis  Research  Center.  The  purpose  of  the  meeting  was  to  review  the  work 
perfonned  in  fiscal  year  1992  in  the  areas  of  nuclear  theimal  and  nuclear  electric  propulsion 
technology  development. 

These  proceedings  are  an  accumulation  of  the  presentations  provided  at  the  meeting  along  with 
annotations  provided  by  the  authors.  All  efforts  were  made  to  retain  the  complete  content  of  the 
presentations  but  at  the  same  time  limit  the  total  number  of  pages  in  the  proceedings. 

I would  like  to  acknowledge  the  help  and  support  of  a number  of  people  that  have  contributed  to 
the  success  of  the  meeting: 

(1)  Daniel  S.  Goldin,  NASA  Administrator,  for  taking  the  time  to  eloquently  contribute  to 
the  meeting  as  our  keynote  banquet  speaker, 

(2)  the  Session  Chairmen,  for  organizing  excellent  technical  content  for  their  sessions  and 
keeping  the  sessions  on-time, 

(3)  die  authors,  for  describing  their  results  and  accomplishments, 

(4)  our  host,  Robert  Kozar  and  his  dedicated  staff  at  the  Plum  Brook  Station,  for  providing 
an  excellent  facility  for  the  meeting  and  an  commendable  tour  of  their  world-class  test 
facilities. 

(5)  and  finally  to  all  the  “behind-the-scenes”  people  that  were  so  instrumental  in  making  the 
technical  interchange  meeting  a success  - especially  Bonnie  Kaltenstein  and  Jean  Roberts, 
whose  excellent  organization  and  orchestration  of  the  meeting  was  the  key  to  its  suoress. 


vi 


NUCLEAR  PROPULSION  TECHNICAL  INTERCHANGE  MEETING 

INTRODUCTION 

REQUIREMENTS 


NP-TIM-92 


1 


Introduction:  Requirements 


1^^ 

» Office  of  Exploration 


Mars  Exploration  Program 


(VIar?J  F.xploniiauii  Proj^niiii 


Pioptilsion  'I'oclinioal  (nrrrrhnnj'o  Mcctin/» 

.SnmlH.sky,  < )II 
Urtuljci  7.0,  m2 


Dwayne  Weary 

ILxploralion  I^ograms  OlTicc  (nXPO) 
NASA  Joluison  Space  P'ligivi  Conlcr 


Space  Exploration 

Missions  to  the  Moon,  Mars,  and  Beyond ... 


America  wants  a NASA  of  explorers,  pioneers,  and  innovators  to  boldiy  expand 
tile  I'rtinliers  of  air  and  space  for  the  benefit  t>f  all. 
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Mars  Exploration  jl^ogram 

- Program  Goals  - 


> of  ixplorat 


» Office  of  ixploration  » 


Technical  Goal 

Verify  the  ability  of  jieople 
to  Inhabit  the  planet  Mars 


Management  Goal 

Demonstrate  effective  global 
cooperation  in  a 
high-technology  initiative 


Societal  Goal 


Demonstrate  improvements 
in  economic  vltidity  and  the 
quality  of  life  for  all 
participating  nations 


Mars  Exploration  I^ogram 

- Surface  Mission  Objectives  - 


= Office  of  Exploration  msBsmmmmaimaaam 

□ Demonstrate  substantial 
self-sufliciency  in  Hfc-support 
consumables  and  in  fuel  on  a 
local  scale 

□ Determine  the  potential  for 
expansion  of  the  initial 
outpost 

□ Explore  Mars  - Understand 
Similarity  to,  and  Differences 
from.  Earth 

• Life  - Past  and  Present 

• Histoiy  of 
Atmosphere/ Climate 

• Geologe  Evolution  and 

Present  State 

Crew  is  assumed  Jit  on  Mars 
arrival 

Bock  contamination 
assumed  resolved  by 
precursor  missions 
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Mars  Exploration  Prograin 

- Mission  Class  Considerations  - 


Office  of  Exploration 


I Kpmtti  hjr  )ai|  talMa  fi*|r 


Zero-g  Considerations 


Abort  Strategies 


OUinttliNi}  mdayt 

S(AV  OOttyt 

mTunH 


I GCR  Dose  Equivalents  (Solar  Minimum) 


l -3-yEAn-Anonrl 


iMWiiVWAr  Do5«  Umh;  100-400  REM. 
> Oassd  on  3%  Cancsr  Mwle^ty  Risk. 
IJnUtdapsnds  upon  craw  090  and  »«x. 


fH  80  - j .1^ 

Q 60  [ POURED  ABORT  | 

2 « ^ 


j Annuai  Dose  Uirtr-  60  REM  I 


I'nominalmissiom"'  { ■ 


0 100  200  300  400  500  COO  700  800  900  1000  1100 

MtesJon  Elapsed  Time,  Days 

Galactic  Cosmic  Radiation  Exposure 
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Mars  Exploration  Program 

- Reference  Mission  Grounditiles  - 


m Office  of  Exploration 


j^gure  l -l^an  Missions 
RaslTVansilAxHig-Stay  Mission  Pironie 


Li  split  Mission  Strategy: 

• Basic  approach  - humans  on  fast,  moderately  energetic 
transfers;  cargo  and  all  otlier  assets  delivered  to  Mars  via 
minimum-  energy  trajectories 

• Eliminate  LEO  Assembly 

□ Human  missions  employ  long  duration  stay  (-550  days  at  Mars) 
mission  proftlcs  with  fast  (<180  days)  Earth-Mars  and 
Mars-Earth  transit  legs 

□ Abort  strategy: 

• Aljorts  for  human  missions  post-TMI  are  to  the  surface  of 
Mars 

• Prograin  <asscls  dirccled  toward  the  focus  of  the  mission 


Q First  human  mission  in  2010 

• Most  challenging  opporturilly  In  tiic  15-year  Earlli-Mars  cycle 

• Performance  margin  exists  for  olher  opportnnltlcs 

• Miitit'abk  tluvdbpmunl  tichuitutcM 

U First  cargo  mission  in  2008 

• Cargo  requirement  of -150  t to  the  surface  of  Mars 

□ Crew  of  8 

• Based  on  past  studies  of  skills  mix  and  tlircshold 
psychological  group  dynamics 

• Reasonable  starting  point 


Flgdfc  2 - Qtrgo  Missions 
Minimum  FjfX^gy  Mission  ntiftle 
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Mars  Exploration  Program 

- Split  Mission  Stroteg7 


Off  Ice  of  ficpioration  i . BBBBmmmmmaemammmmm 

□ Objective: 

• Eliminate  LEO  Assembly  for  ]x)Jlh  earito  and  pllolecl 
missions 

• Use  the  FXO  HLLV,  or  a FLO  cvolvcd  UlAN  (shrpiKll 

• Reduce  number  of  i I LLV  iau nclics 

- Send  all  surface  and  orbital  assets  to  Mars  on 
minimum  energy  trajectories 

- Crew-only  use  medium-energy,  fast  transit 
Irajccitorles 

• Provide  mission  ncxlbiUty  to  recover  from  contingencies 

• Reduce  engine  testing  requirements,  If  NI'R  is  employed 

• Provide  launch  window  ncxibillly 

- 3/4  launches  within  the  Earth -Mars  window 

□ Rcsiills: 

• First  human  mission  to  Mars  rcasoiudily  iu:hlevablc  in 
6 total  launches  of  a FLO  I IU>V.  Potentially  achievable 
In  4. 

• Significant  mission  eonten t . 1 50  t of  n sal >lc  payload 
delivered  to  the  surface  of  Mars 

• No  I^EO  assembly,  rendezvous,  or  loiter  needed 

• Signineanl  mission  ncxlbllily  with  this  lype  of  siraLcgy 


RATION 

‘S 


Mars  Exploration  Program 

- Mission  Oveiview  - 
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Mars  Exploration  Program 

- Operations  Concept - 


HXI’l.OKATION 

i>KUf]RAMS  ori'ICK 


® Office  of  Exploration  r m ....liOLjajjjii, 

U Vehicle  Prime 

• Realtime  Systems  Management 

□ GrewTrime 

• ReaUlme  Exploration  Functions 

• Crew  Health  Maintenance 

• I )al!y  rimming  ami  Resource  Mginl. 

• Preventive/Unscheduled  Maintenance 

□ Crew  Backup 

• Realtime  Systems  Management 
Q Ground  Prime 

• Supplying  Mission  (31)|t!cllves 

• Sustaining  Engineering 

• Mission  Critical  Software  Reconfigure 

• Crew'lVainlng 

• Prnrcctures  ncvcUtpmrnl/Vcrlfioalion 

• Uncrewed  Operations 

□ Ground  Backup 

• Contingency  Support 
Q Grout k1  and  Grew  Share 

•Exploration 


» Office  of  Exploration 


Mars  Exploration  Program 

- Mission  Transportation  Elements  - 


EXPLORATION 

PROORAMS  OI  PICI! 


Mars  Transfer  Stage  System  Groimdniles 


• NTR  Ihropulsion  (2  Englnes-50  klbs.  Ttirust  Each) 

• TraraU  HahiUit  for  6 Crew  / 300  Days 

• Lunar  HILV  DerlviUivc 

• Ko  Radiation  Disk  Shield  for  Cargo  Missions 

• Macs  Orbit  - 250  km  x 1 Sol  Elliptical 

• Separate  Power  Generation  for  Transfer  Hab 


• Automated  Rendezvous  for  Mars  Orbital  Ops 

• Storable  RCS  System  for  Vehicle  Elements 

• MEV  for  6 Crew  and  6 mt  to  Surface 

• Zero-g  Mars  l^anslt 

• IMrcct  Entry  Capability  at  Earth  Return 


U m Oia. 


StwetMl  Reqtiirsd  14  m x 30  m 
CARGO 
LANDER 


14  m Ola. 


Shrmtfl nnc]i4rA(1  t4m  s.TOm 
PILOrEO 
LANDER 


14  m pin 


SlMouti  naqitPod  14  m x 36  m 
EARTH 
RETURN 


14  m Ob. 


SfKOud  floqulrml  14  m x 44  m 

MARS 

TRANSFER 
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Office  of  fExplorafidn 


Mars  Exploration  Program 

- Launch  Vehicle  Gonsidcrations  - 


EXPLORATION 

1‘KOtmAMS  OFI-ICIi 


% • I 

% * ' 
1 » I 

% « I 

% « I 

% I 1 
% I 7 
III 
I I I ✓ 
•Mm 

OPPOimjNriY 


ICarlh  Pilolcd 


Ilf XV  lAUNCIUCS 


•MK)9 

QI*POKiUNny 


TITXV  Reauirements 
HLLV  Derivatives  - FLO  or  Early  HLLV 
200  mt  Class  IMLEO  Launch  Capability 

Shroud  Size  Options  (Cylindrical  Section);  14m  x 30m  or  10m  x 50m 
Launch  Window  - ~90  days:  2-4  Laiinches  per  Mars  Opportunity 


Mars  Exploration  Program  | 

^■jpf  - Mars  Program  Schedule  (2007  Cargo  Launch)  - GXPLjgK/U'i^^^^ 

Office ofExploration  .'i  i : i ■ m 

93  94  95  96  97  96  99  00  01  02  03  04  05  06  07  08  09  »0  II  12  13  14  15  18 


EXPLORATlp 

PROGRAMS  OFPTcK 


FLOR&D  I |FtO  - First  Lunar  Oulpost 

=1.0  — — — — , XiaaaA^«aliSKlJ  NTP  , Noclear Thermal  Propulsloft 

FlOFwlulion  < taAD-  Technology  4 Adv.  Dev. 

^ ^ nosflarchAOevfllopmnni 

HIIV  « l-tnavy  I ill) annrh  VolikHn 

NTP  Engine  T&AD  NrPOevelqpIGrd  lesl  EDO  = Extendcfd  Duration  Oibitor 

^ . { T — pit  veh — 1 * ^C9  Station  Freadoni 

Cargo  Vehicle  | TAAD  ] Cargo  Veh.n&O  /tL  I mo  - Mars  Observer 

Piloied  Vehicle 


Piloted  Vehicle  n&O 


Lunar  HLLV  Ops. 


Mars  I Mars  [Mars  Mars 
Cargo  LjHotedLJpilotedLJPil^^^ 


Surface  Systems 


Surface  Systems  nSD 


Ground  Trat  4 Cart. 


Zero-G  Adaptation 


Robotic  Missions 


□ MS:  l-lghA-  " I ' ' " — 

180  SSF:  180-360  days 

Site  Nev.i 

Surface  Landora(MESUn7)  gj,,  oom„. 

□1.r  D D D D D 

DKD'^O’ 
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Max«  Exploration  Program 

- study  Plan  - 

« Office  of  Exploratgon  gg'iSBgaimJiPMijjwiiiii^i  i 

• Continue  ExPO  developnienl  of  the  Reference  Mission 

t Consider,  compare,  and  contrast  alternative  reference  mission  concepts 
defined  by  non-ExPO  teams 

• Study  system  and  sulisystcm  iiiiplciiiciitntion  t*onccpls  t«i  improve 
database 


NP-IlM-92 
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SSED  REQUIREMENTS 
FOR  SPACE  NUCLEAR 
PROPULSION 


:vOV‘ 

W 


• Solar  System  Origins 

- Understand  the  Process  of  Solar  System  Formation,  in  Particular  Planetary 
Formation,  and  the  Physical  and  Chemical  Evolution  of  Protoplanetary  Systems. 

• Planetary  Evolution  and  State 

- Obtain  an  In-Depth  Understanding  of  the  Planetary  Bodies  in  Our  Solar  System 
and  Their  Evolution  Over  the  Age  of  the  Solar  System, 

• Evidence  of  Life 

“ Search  for  Evidence  of  Life  in  Our  Own  and  Other  Planetary  Systems,  and 
Understand  the  Origin  and  Evolution  of  Life  on  Earth  and  Other  Planets. 

• Robotic  and  Human  Exploration 

- Conduct  Scientific  Exploration  of  the  Moon  and  Mars,  and  Utilize  the  Moon  as  a 
Base  of  Scientific  Study  in  Participation  with  NASA's  Mission  from  Planet  Earth. 


SSED  REQUIREMENTS 
FOR  SPACE  NUCLEAR 
PROPULSION 


Other  Planetaiy 
Systems 

OularPlands 

li 



Ream»aissaaix 

Pbnecf  10  Fl^y 
Pioneer  U Flyby 
Voyager  1 Flyby 
Voyager  2 Flyby 

Pioneer  n Flyby 
Voy^cr  I Flyby 
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Voyager 

2 Flyb) 

1 

2 Flyby 

V _ _ J 
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Toward  other 
Planetary 
[ Systems  J 

|.  

EjqfbreHon 

Galileo  Orbacr/ 
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Cassini  Oibitcf/ 
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r ” 
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intensive  Stttily 

1 L 

Jupiter 

GrandTour 
V J\ 
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SSlD  REQUIREMENTS 
FOR  STAGE  NUCLEAR 
PROPULSION 


z'mt 


• Nuclear  jReactor  Heat  Source,  Ion  Pfopulsion  System 

- Much  More  Efficient  than  Chemical  Propuitsion 

♦ NEP  Required  fur  Next^Generation  OntefSote  ^stem  Missions 

- Provides  Payload  Capability  Unobtainable  With 
Conventional  PfopuMoh 

- Reduces  FUght  Time,  Launch  Vehicle  Requiremenis 

- Also  Enables  High-Power  Science  Experiments 

* SPlOO  Technology  EaseBne 

- Capable  of  lOOKW  for  Ottter  Planet  Missions 

- Lifetimes  Up  to  10  Teal'S  {Full  Power) 


SSBD  REQUIREMENTS 
FOR  SPACE  NUCLE  AR 
PROPULSION 


PLUTO  MISSION  PERFOtMA^Cfi 


Introdtiction:  {Requirements 
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SSED  REQUIREMENTS 

.•►'O'* 

FOR  SPACE  NUCLEAR 

PROPULSION 

Science  Objectives 

• Thorough  Characterization  of  Galilean  Satellites 

- Geology,  Morphology,  Elemental  Composition 

- Gravitational  and  Magnetic  Properties 

- Interactions  with  Jupiter's  Magnetosphere 

• Follow-On  to  Galileo  Study  of  Jupiter 

- Atmosphere,  Inner  Magnetosphere,  Ring  System 

NEP  Mission  Capabilities 

• Sequential  Orbiting  of  All  4 Galilean  Satellites 

- Comprehensive  Imaging  and  Spectroscopy 

- Radar  Sounding,  Altimetry,  Other  Active  Experiments 

• Possible  Addition  of  Jupiter  Polar  Orbiter  or  Satellite  Landers 

• Large  Science  Payload, » 10  Year  Mission  Duration 

- Conventional  Propulsion:  4 Separate  Launches 


SSED  REQUIREMENTS 
FOR  SPACE  NUCLEAR 
PROPULSION 


o'r'ts 

: ov: 


Science  Objectives 

• Comprehensive  Study  of  Asteroid  Physical  Characteristics 

- Size,  Shape,  Density,  Spin  Properties 

- Surface  Composition,  ^iar  Wind  Interactions 

• Variations  With  Solar  Distance 

• Meaningful  Sample  Size,  Variety  of  Spectral  Types 

NEP  Mission  Capabilities 

• Rendezvous  With  4-6  Main  Belt  Asteroids 

- Approximately  60  Days  at  Each  Target 

- Possible  Intervening  Slow  Flybys 

- Unlimited  Orbit-Change  Capability 

• Large  Science  Payload 

- Imaging,  Spectroscopy,  Radiometry 

- Multiple  Penetrators 

• Total  Mission  Duration  ■=  10  Years 

- Conventional  Propulsion:  Max.  2 Targets,  > 8 Years  Duration 


NP-TIM-92 
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Introduclion:  Requiremeats 


SSED  REQUIREMENTS 
FOR  SPACE  NUCLEAR 
PROPULSION 


• Initial  NEP  System  Will  Address  Reduced  Requirements 

- Simplifies  I^velopment,  Reduce  Cost 

- Still  Capable  of  Excellent  Planetary  Missions 


• Mission/System  Studies  Ongoing 

- Joint  NASA/DOE  Report  Issued 

- JPL/LeRC  Study  Focussing  on  Low-Power  Missions 


• Preliminary  Mission  Options  Include: 

- Mars  Orbiter,  Phobos-Deimos  Rendezvous  (SEI  Focus) 

- Main-Belt  Asteroid  Missions 
-Jupiter  Satellite  Mission 

- Solar  Probe 


• System  Requirements  (Preliminary): 

- Minimum  20  kWe  NEP  System 

- Minimum  3 Year  Lifetime  (Full  Power) 

- Growth  Potential  to  100  kWe,  10  Years  lifetime 


Ifitioductioii:  Rc^iiireinent$. 
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> Nuclear  Electric  Propulsion  Enables  Next-Generation  Outer  Solar  System 
Mission 

> Requirements 

- 100  kWe,  10  -yr.  Lifetime  (Full-Power ),  < 35  kg/kWe 

- Initial  System:  > 20  kWe,  > 3 Yr.  Full-Power  Lifetime 

- Full-Power  System  Launch  -2005 


Introduction:  Requirements 


If 


SPACE  /wciEAP^meaw,  PROpyistoN 


mm  REQUIREMENTS  ^ 

FOR 

SPACE  NUCLEAR  THERMAL  PROPULSION 

PRESENTATION  TO 


NUCLEAR  PROPULSION  TECHNICAL 
INTERCHANGE  MEETING 


LT  COL  GARY  A.  SLEEKER 
SNTP  PROGRAM  MANAGER 
PHILLIPS  LABORATORY 

20  OCTOBER  1992 


POTENTIAL  DOD  APPLICATIONS 
OF  NUCLEAR  THERMAL 
PROPULSION 


o UPPER  STAGES  ON  EXiSTiNG  AND/OR 
NEW  LAUNCH  SYSTEMS 

o ORBIT  TRANSFER  VEHICLES  (OTVs) 

o REUSABLE  OTVs 

o ORBIT  MANEUVERING  VEHICLES 


IntruducUon:  Requireme^ 
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Typical  Upper  Stage  Applications 


> PBH  Second  Stage  Typically  Offers 
2x  - 4x  Payload  Improvement 

> Exo<Atmospherlc  Operation  . 

(>50n.m.)  m 


•Design  Baseline 
S3  klbf  Engine 


A 


PBR  stage  Thrust  40  k)bf  40ldbt 


1 

45klbf 


ITOkIbf 


A 


m m m 


to 


rskibt*  SOOkIbf 


PBR  Core 


Complement  National  Launch 
System 


Eliminate  NLS 1, 2 


NLS3 
+ SNTP 


NLS  3 
+ SNTP 
+ GEMS 


NLS  3 
+ SNTP 
4- GEMS 


NLS  Requirements 

USAF/NASA  Requirements: 
. 20  KIbs  to  LEO -«i.S  3 
• 50  KIbs  to  LEO  - NLS  2 
.15KlbstoGSO-WLS2 


Aden  NASA  Requirements: 

• SSF:80Klbs-AfiL5r 

• 9tl  Heavy  LHt-TBD 


LEO  20  41 

GSO  3.5  12 


52  ~40 

16  (SSF) 


NP-TIM-92 
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Introduction:  Reauirements 


DOD  APPLICATtONS  NO  LONGER 
UNDER  CONSIDERATION 


0 BALLISTIC  MISSILE  INTERCEPTOR  SECOND 
STAGE 

O ICBM  SECOND  STAGE 


DOD/AIR  FORCE  NTP 
REQUIREMENTS 

0 DOD  AND  AIR  FORCE  DO  NOT 

SPECIFICALLY  CALL  OUT  NEED  FOR  NTP 

- CALL  OUT  MISSION  REQUIREMENTS, 

NOT TECHNOLOGY 

- NTP  COULD  ENABLE  MISSION 
ACCOMPLISHMENT  (LAUNCH  UPPER 
STAGE)  AT  LESS  EXPENSE  AND  WITH 
GREATER  RELIABIUTY 

y J 


Intfoductioa:  Requltemeatt, 
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SNTP  PERFORMANCE 
GOALS 


SNTP  HAS  THE  FOLLOWING  PERFORMANCE  GOALS  IN  DEVELOPING 
AN  ENGINE  TECHNOLOGY  WITH  TWICE  THE  SPECIFIC  IMPULSE  OF 
H2/O2  ENGINES  WITH  COMPARABLE  THRUST  TO  WEIGHT 


THRUST: 

THRUST  TO  WEIGHT  RATIO: 
SPECIFIC  IMPULSE,  IsK 
GAS  CHAMBER  TEMPERATURE: 
RUN  TIME  DURATION: 

ENGINE  CYCLES: 

ENGINE  STARTUP  TIME; 


20.000  to  80,000  LBf 
UP  TO  35  TO  1 

1.000  SEC 
3,000K 
1,000  SEC 
3 TO  10 
UNDER  10  SEC 


Potential  Cost  Benefits 


Assumed  $1000/Lb  Launch  Cost  to  LEO  (Past  Year  2000) 


Mission 

Impact  of  SNTP 

$/Mission 

♦Non^Rccorring 

#/Year 

20  Year 
Total 

National 

Launch 

System 

Eliminate 

Large 

Core 

$25  M 
+ $2B* 

4 

$4.0  B 

Atlas 

Upgrade 

Titan  IV 
Payload 
Capability 

$130  M 

4 

$10.4  B 

USAF 
$19.4  B 

Orbital 

Maneuvering 

Vehicle 

Retrieve/Repair 
High  Value 
Satellites 

$500  M 

1 

$5.0  B 
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INTRODUCTION 

EXECUTIVE  SUMMARY 
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Focused  Technology:  Nuclear  Propulsion 


Nuclear  Thermal  Propulsion 


Nuclear  Electric  Propulsion 


Presentation  to  SSTAC/ARTS 

Thomas  J.  Miller 
10/21/92 


IVI/V5A 


LEWIS  RESEARCH  CENTB1 


OBJECTIVE 


POjeCIKE 


DEVELOP  AND  DEMONSTRATE  TECHNOLOGY  FOR  NUCLEAR  PROPtAJSION  SYSTEMS  TO 
SATISFY  USER  CODE  MISSION  REQUIREMENTS 

. BALANCE  TECHNOLOGY  AND  PERFORMANCE  YRTH  SOUND  SAFETY  AND 
ENVIRONMENTAL  POUCIES 


SSQEE 


CUSTOMER 


- NUCLEAR  THERMAL 
• NUCLEAR  ELECTRIC 


> LUNARMARS  EXPLORATION  (OEX) 
• ROBOTIC  SCIENCE  (OSS/4 


ILEMEfflS 

- CONCEPT  DEVELOPMENT  AND  SYSTEMS  ENGINEERMG 

• INNOVATIVE  TECHNOLOGY 

- ENABLING  TECHNOLOGY  (NEP  SNTP) 

- FACIURES 

• SAFETY,  QA  AND  ENVIRONMENT 


NUCLEAR  FROPUL8IOH 
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latroduction:  &wuttve  Summary 


imm  mmMm  mffm 


MISSIONS  CONSIDERATIONS 


SAFETY 


PERFORMANCE 


COST 


SCHEDULE  FOR  DEVELOPMENT 


OPERATIONAL  FLEXISILITY 
. APPUCATION  TO  RANGE  OF  MISSIONS 
- EVOLUTIONARY  GROWTH  POTENTIAL 


omce 


/\SA===  ======:  UEWI8  RESEARCH  CEKTER 

NUCLEAR  PROPULSION 
SUMMARY 


Nuclear  Thermal  Propulsion  Nuclear  Electric  Propulsion 


Spedilc  Impulse*:  850  • 950  sec  Specific  Impulse*:  4000  * 8000  sec 
Tlurtt^toWeigliU  O-IO  Spe^^licMass: 

Robotic  Science  40  Kg/Kw, 

*ln>gT/A  Rioted  Mars  ^ lOKg/Kw, 


CHEMICAL  PROPULSION  (H/O):  400  sec  Specific  Impuise 


3hltt>ductk>n:  l^^ecutive  Sununary 


HM-92 
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Introduction:  Executive  Summary 


ORIGiSML  PAGE  fS 
OF  POOR  QUALITY 


OVERVIEW 


BY 

ALAN  R.  NEWHOUSE 
DEPUTY  ASSISTANT  SECRETARY 
FOR  SPACE  AND  DEFENSE  POWER  SYSTEMS 
U.S.  DEPARTMENT  OF  ENERGY 


PRESENTED  AT  THE 

NUCLEAR  PROPULSION  INTERCHANGE  MEETING 
NASA  LEWIS  RESEARCH  CENTER.  PLUM  BROOK  STAtlON 
SANDUSKY,  OHIO 
OCTOBER  20.  1992 


5366 


ioioim 


!n(io<tuclioii:  IvjcccviUvc  Siifloni;iry 
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TYPES  OF  SPACE  NUCLEAR  PROPULSION 


WUCLEAfl  THEHMAI.  ROCKETS  <NTB) 


NUCUAR  THERMAL  ROCKET 


DEVELOP  THRUST  BY  USING  A NUCLEAR  REACTOR  TO  HEAT 
A PROPELLANT  GAS  AND  EXPEL  IT  THROUGH  A NOZZLE 

- HIGH  SPECIFIC  IMPULSE*  (>TWiCE  BETTER  THAN  BEST 
CHEMCAL  SYSTEMS) 

. HIGH  THRUST  (PAST  ACCELERATION) 

- SHORT  UFEtlME  (MINUTES  TO  HOURS) 

PRIMARY  NASA  OPTION  FOR  CARGO  AND  PILOTED  MARS 
MISSION;  ALSO.  PR0MI3INQ  CHOICE  FOR  MANY  DOD  APPLICATIONS 


* NUCLEAR  ELECTRIC  PROPULSION  INEP) 


DEVELOP  THRUST  BY  USING  ELECTRtOTY  PRODUCED  FROM  HEAT 
IN  A NUCLEAR  REACTOR  TO  IONIZE  A PROPELLANT  AND  ACCELERATE 

THE  CHARGED  PARTICLES  THROUGH  A THRUSTER  NEI»  VCHIClEWYaiBUI  SCHEMAnc 


- VERY  HIGH  SPECIFIC  IMPULSE*  (>10  TIMES  BETTER  THAN  BEST 
CHEMICAL  SYSTEMS) 

- LOW  THRUST  (CONTINUOUS  ACCELERATION) 

- LONG  LIFETIME  (MONTHS  TO  YEARS) 

ENABLING  OR  SIGNIFICANTLY  ENHANCINQ  FOR  SEVERAL 
NASA  SOLAR  SYSTEM  ROBOTIC  MISSIONS;  NEAR  TERM  NEP 
REACTOR  SYSTEMS  WILL  BE  BASED  ON  SPACE  REACTORS 
CURRENTLY  UNDER  DEVELOPMENT 


THRUST  PRODUCED  PER  RATE  OP  PROPEUANT  CONSUMPTION 


NUCLEAR  THERMAL  PROPULSION  HISTORICAL 
SUMMARY  (ROVER//NERVA) 


• 18  YEAR  DEVELOPMENT  PROGRAM  (1955-1973) 

($1.4  BILLION  EXPENDED  IN  THEN-YEAR  DOLLARS) 

• 20  REACTORS  BUILT  AND  TESTED 

- REACTOR  DESIGN  AND  DEVELOPMENT  - LANL 

- DESIGN  AND  MANUFACTURE  OF  ROCKET  ENGINE  SYSTEMS  - 
WESTINGHOUSE  AND  AEROJECT 

- TESTING  OF  ALL  REACTORS  - NEVADA  TEST  SITE 


4100  MWt 
2750K 
850  sec 
28 

62  MINUTES 


• PERFORMANCE  DEMONSTRATED 

• POWER  LEVEL 

• PEAK  FUEL  TEMPERATURE 

- SPECIFIC  IMPULSE  (Isp) 

- START/STOP  CYCLES 

• CONTINUOUS  OPERATION 


NP-TlM-92 
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Introduction:  Executive  Summary 


DOE'S  CHARTER  FOR  THE  DEVELOPiVIENT 

OF  NUCLEAR  POWER 


• DOE'S  CHARTER.  ARISING  FROM  AUTHORITY  IN  THE  ATOMIC 
ENERGY  ACT  OF  1954.  AS  AMENDED.  IS  TO  SUPPORT  FEDERAL 
AGENCIES  IDOD  AND  NASA)  IN  MEETING  THEIR  SPECIAL  POWER 
NEEDS  FOR  BOTH  TERRESTRIAL  AND  SPACE  APPLICATIONS 


Introduction:  Executive  Nummary 
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PAGE  IS 

OF  POOR  QUALITY 


DOE  ROLE  IN  SPACE  NUCLEAR  PROPULSION 


• TRADITIONAL  DOE  ROLE  OF  DESIGNING,  DEVELOPING,  TESTING,  AND 
PROVIDING  NUCLEAR  SYSTEMS,  INCLUDING  ENVIRONMENTAL, 
SAFETY,  AND  HEALTH  ASPECTS 

• NASA/DOE  MEMORANDUM  OF  UNDERSTANDING  (MOU)  FOR 
ENERGY-RELATED  CIVIL  SPACE  ACTIVITIES 

- SPECIFIC  PROVISIONS  FOR  NUCLEAR  PROPULSION 

• PROJECT  SPECIFIC  MOU  FOR  NUCLEAR  PROPULSION 

- DRAFT  PREPARED  FOR  BOTH  NASA  AND  USAF  PROJECTS 

• NATIONAL  SPACE  POLICY  DIRECTIVE  ON  SPACE  EXPLORATION 
INITIATIVE 

' NASA,  DOO,  AND  DOE  DIRECTED  TO  CONTINUE  TECHNOLOGY 
DEVELOPMENT  FOR  SPACE  NUCLEAR  POWER  AND  PROPULSION 


DOE  SAFETY  ROLE  IN 
SPACE  NUCLEAR  PROPULSION  ACTIVITIES 


• ENVIRONMENT,  HEALTH,  AND  SAFETY 

- OVERALL  POLICY,  ALARA 

- OVERSIGHT 

- NEPA  PROCESS 

- SAFETY  ANALYSIS,  REPORTS/APPROVALS 

- PUBLIC  SAFETY 

- SAFEGUARDS 

- SITE  MONITORING 

• NUCLEAR  SYSTEM  DESIGN,  MANUFACTURE,  ASSEMBLY,  CHECKOUT 
AND  OPERATION 

• GROUND  TEST  FACILITY  DESIGN,  ACQUISITION,  CONSTRUCTION 
AND  OPERATION 


10/M/t2 


NP-T[lM-52 
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Introduction:  Executive  Summary 


SAFETY  APPROACH 


t SAFETY  IS  m OyERRIDII^G  CONSIPEIIATIQN: 

- FOR  PROTECTION  AGAINST  ACCIDENTS 

- FOR  PURUC  ACCEPTANCE 

- FOR  BOTH  GROUND  TESTING  AND  SPACE  OPERATIONS 

• ULTIMATE  SAFETY  OBJECTIVE: 

> MINIMIZE  RISK  TO  PUBLIC  AND  CREW  IN  NORMAL  AND 
ABNORMAL  OPERATIONS 

t NUCLEAR  POWER  SOURCE  LAUNCH  APPROVAL  PROCESS: 

• BASED  ON  RIGOROUS  SAFETY  REQUIREMENTS,  EVALUATION 
AND  TESTING 

- CONSIDERS  MISSION  OBJECTIVESmENEFITS  VERSUS  RISKS 

- BASED  ON  SUCCESSFUL  HISTORY  OF  ISOTOPE  AND  REACTOR 
APPLICATIONS  BY  NASA  AND  DOD 


NUCLEAR  SYSTEIVI  DESIGN,  MANUFACTURE, 
ASSEMBLY,  CHECKOUT,  AND  OPERATION 


• NUCLEAR  SYSTEM  DESIGN  STANDARDS,  REQUIREMENTS.  AND  CODES 

DESIGN  SAFETY  FEATURES 

• SAFETY  TEST  REQUIREMENTS  AND  ANALYSIS 
PREOPERATIONAL  CHECKS  AND  TESTS 

• MANAGEMENT  OF  FACTORY,  SHIPPING.  SITE.  AND  POST  TEST  OPERATIONS 
FOR  NUCLEAR  COMPONENTS  AND  SYSTEMS 

- FACTORY.  SUB-ASSEMBLY  TESTING,  CRITICALS,  ETC. 

- SHIPPING  AND  ASSEMBLY 

- FACILITY  CONTROLS 

• EMERGENCY  PLANNING 

- EMERGENCY  ACTIONS 

• RECOVERY.  CLEANUP.  AND  DISPOSAL  ACTIONS 

• NUCLEAR  FLIGHT  SYSTEM  OVERSIGHT  (WITH  USER  AGENCIES) 

• OVERALL  POLICY  DEFINITION 

^ SAFETY  REVIEW  AND  APPROVAL  PROCESSES 

- FUGHT  OPERATIONS  MONITORING 

- SUPPORT  IN  POSSIBLE  EMERGENCIES 

- NORMAL  AND  ABNORMAL  DISPOSAL  OPERATIONS 

- POTENTIAL  GROUND  RECOVERY  OPERATIONS 


«3M 


btipdq<5i{Qii:  executive  Suininary 
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GROUND  TEST  FACILITY  DESIGN 
ACQUISITION,  CONSTRUCTION,  AND  OPERATION 


• SITE  SELECTION  AND  MANAGEMENT  OVERSIGHT 

- STANDARDS  AND  CRITERIA 

• SITE  PREPARATION  AND  MAINTENANCE 

> SITE  MONITORING 

• SHIPPING/HANDLING  OF  RADIOACTIVE/HAZARDOUS  MATERIALS 

- DECOMMISSIONING  AND  DISPOSAL 

• FACILITY  DESIGN  AND  CONSTRUCTION  OVERSIGHT 

> STANDARDS  AND  DESIGN  CRITERIA 

• FUNCTIONAL  REQUIREMENTS 

• SAFETY  REQUIREMENTS,  ANALYSES,  AND  APPROVALS 

- PREOPERATIONAL  CHECKS  AND  TESTING  OF  EQUIPMENT  AND 
SYSTEMS 

• OVERSIGHT  OF  OPERATIONS 

- CONDUCT  OF  OPERATIONS 

- TRAINING  REQUIREMENTS 

- TEST  PROCEDURE  APPROVAL 

- SPECIFIC  TEST  APPROVAL 

- POST  IRRADIATION  EXAMINATION 

• QUALITY  ASSURANCE  PROGRAM  OVERSIGHT 

• SAFEGUARDS  AND  SECURITY  OVERSIGHT 


GROUND  TESTING  ISSUES 


• MAJOR  FACILITIES  REQUIRED 

EITHER  NEW  FACIUTIES  OR  EXTENSIVE  MODIFICATIONS  TO  EXISTING  FACILITIES 
MUST  MEET  CURRENT  ENVIRONMENTAL  AND  SAFETY  REQUIREMENTS  <EFFLUENT 
CONTROL! 

FACILITY  STUDY  ESTIMATES  <0.5  TO  OVER  $1B  AND  7-10  YEARS  EACH 
DOE  SITES  WILL  BE  USED 

• TYPES  OF  FACILITIES 

FUEL  BUNDLE  OUAUFtCATiON 
ENGINE  SYSTEM 

• ISSUES 

SAFETY  AND  PUBLIC  ACCEPTANCE 
LARGE  COST 

SINGLE  NATIONAL  TEST  COMPLEX  VERSUS  MULTIPLE  COMPLEXES 

• EXPERIENCE 

ROVER/NERVA  DESIGN 
NUCLEAR  FURNACE* 

- - HAS  SHOWN  GROUND  TESTING  CAN  BE  ACCOMPUSHED  THROUGH  USE  OF  A 
SCRUBBER  SYSTEM 

*A  SMALL  ISO  MWtl  HIGH  TEMPERATURE  REACTOR  USED  FOR  TESTING  NUCLEAR  THERMAL 
ROCKET  FUEL  ELEMENTS. 


lomm 
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Introduction:  Executive  Suounarv 


POTENTIAL  USE  OF  CIS  FACILITIES 


• TWO  DOE  DELEGATIONS  RECENTLY  RETURNED  FROM  A FACT 
FINDING  TRIP  TO  RUSSIA  AND  KAZAKHSTAN 

• VISITED  SEVERAL  NUCLEAR  PROPULSION  FACiLiTtES  WHICH 

II  n di^isciri  v rr  i iRRn 

• REVIEWED  SPACE  POWER  AND  PROPULSION  CAPABILITIES 
. STILL  COMPILING  INFORMATION  OBTAINED  AND  DRAFTING 

REPORTS 

- MUST  CAREFULLY  REVIEW  AND  VERIFY  CAPABILITIES 

• EXACT  DOE  ROLE  IN  USING  OR  MAKING  USE  OF  FOREIGN  NUCLEAR 
FACILITIES  OR  TECHNOLOGIES  STILL  NEEDS  TO  BE  DEFINED 

• INTERNATIONAL  AGREEMENTS  MAY  BE  NEEDED 

- ROLE  OF  U.S.  INDUSTRY  NEEDS  TO  BE  FURTHER  EXPLORED 

• TOPIC  BEING  WORKED 


NUCLEAR  PROPULSION  DEVELOPMENT  NEEDS 


• PAST  PROGRAM  PERFORMANCE  NOT  ADEQUATE  FOR  TODAY'S 
NEEDS 

• PERFORMANCE  IMPROVEMENTS  REQUIRED 

• HIGHER  SPECIFIC  IMPULSE  (900-1000  SEC.I 

- HIGHER  THRUST/WEIGHT  (25  - 35  TO  1) 

- DIFFERING  REQUIREMENTS  FOR  CIVILIAN  AND  MILITARY 
APPLICATIONS  (e.g,,  RUN  TIME,  RESTARTS) 

• NEW  DEVELOPMENT  PROGRAM  NEEDED 

• REESTABLISH  OLD  TECHNOLOGY  AND  CONSIDER  NEW 
CONCEPTS 


esM 
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KEY  NEAR-TERM  NUCLEAR  PROPULSION 
ACTIVITIES  FOR  SPACE  EXPLORATION 


• DEVELOPING  AND  TESTING  OF  CANDIDATE  NTP  FUELS 

• EARLY  STUDY  AND  SELECTION  OF  EFFLUENT  TREATMENT  SYSTEMS 

• TEST  AND  QUALIFY  PROTOTYPE  COMPONENTS  AND 
SUBSYSTEMS 

• NUCLEAR  FACIUTY  PRECONSTRUCTION  ACTIVITIES 

- INITIATE  ENVIRONMENTAL,  SAFETY,  AND  PRELIMINARY  DESIGN 
ACTIVITIES 

• PROCEED  TOWARD  A SINGLE  NATIONAL  NUCLEAR  PROPULSION 
TEST  COMPLEX 

• • MEETS  BOTH  NASA  AND  DOD  REQUIREMENTS 

• NTP  CONCEPTS  ASSESSMENTS  AND  DEFINITION 

• NERVA  DERIVATIVE 

• PARTICLE  BED 

• CERMET 

- CIS  TWISTED  RIBBON 


RECENT  DOE  NUCLEAR  PROPULSION  ACTIVITIES 
FOR  SEI 

• LIMITED  ASSESSMENTS  OF  NUCLEAR  PROPULSION  CONCEPTS  AND 
ASSOCIATED  TECHNOLOGIES 

• NUCLEAR  FUEL  DEVELOPMENT 

• FACILITIES  EVALUATIONS  AND  ASSESSMENTS 

- OOE/NASA/USAF  NUCLEAR  FACIUTIES  REVIEW 

• - INITIATED  STUDIES  FOR  COMMON  FACIUTIES 

- PROVIDED  FACILITIES  INPUT  FOR  SNTP  DRAFT  EIS  EFFORT 
• CIS  FACILITIES  VISITS 

• PLANNING  AND  PROGRAMMATIC  ACTIVITIES 


NP-'nM-92  . 
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Introduction:  Executive  Summary 


SPACE  NUCLEAR  THERMAL  PROPULSION 
(SNTP)  PROGRAM 


• USAF  TECHNOLOGY  DEVELOPMENT  PROGRAM  TO  DEMONSTRATE 
THE  FEASIBILITY  AND  HIGH  PERFORMANCE  CAPABILITIES  OF  A 

nuclear  propulsion  system  using  particle  bed  reactor 

TECHNOLOGY  FOR  POSSIBLE  U.S.  AIR  FORCE  lUSAF)  SPACE 
PROPULSION  NEEDS 

• USAF  PHILLIPS  LABORATORY  IS  PROGRAM  MANAGER  FOR  THE  SNTP 
PROGRAM 

• DOE  IS  RESPONSIBLE  FOR  THE  NUCLEAR  DEVELOPMENT  PORTION  OF 
THE  PROGRAM,  INCLUDING  NUCLEAR  SAFETY  OVERSIGHT  AND 
NUCLEAR  GROUND  TESTING 

• SANDIA  NATIONAL  LABORATORIES  ALBUQUERQUE  (SNLA)  AND 
BBOOKHAVEN  NATIONAL  LABORATORY  (BNL)  ARE  PRINCIPAL  DOE 
LABORATORIES  PARTICIPATING  ON  THE  PROGRAM 


I3C« 
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SNTP  NUCLEAR  PROPULSION  EIS  ACTIVmES 

• DRAFT  EIS 

- ISSUED  FOR  PUBLIC  REVIEW 

> FINAL  EIS  EXPECTED  IN  NOVEMBER  1992 

- TWO  SITES  UNDER  CONSIDERATION 

- - NEVADA  TEST  SITE 

- - IDAHO  NATIONAL  ENGINEERING  LABORATORY  TEST  SITE 

- SITE  SELECTION  ANTICIPATED  IN  JANUARY  1993 


IntrodacUon:  IBxecutlye  J^urngi^ 
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SUMMARY 


• LONG  HISTORY  OF  SUCCESSFUL  USE  OF  NUCLEAR  POWER  IN  SPACE 
(AND  DOE  SUPPORT  OF  THESE  SYSTEMS) 

• SPACE  NUCLEAR  THERMAL  PROPULSION  IS  A LONG  LEAD 
DEVELOPMENT  ACTIVITY.  CONSOLIDATION  OF  U.S.  MILITARY  AND 
CIVlUAN  EFFORTS  TO  THE  GREATEST  DEGREE  POSSIBLE  WOULD  BE 
BENEFICIAL. 

• DOE  WILL  HAVE  A LEAD  ROLE  IN  DIRECTING  THE  NUCLEAR  ASPECTS 
OF  SPACE  NUCLEAR  THERMAL  PROPULSION  mOGRAMS:  ACQUIRING 
AND  OPERATING  THE  GROUND  NUCLEAR  TEST  FACILITIES;  AND 
ASSURING  THE  SAFETY  OF  ALL  DESIGN,  DEVELOPMENT, 
FABRICATION,  TEST,  AND  OPERATIONS  ACTIVITIES 


NP-'nM-92 
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Intrpdaction:  Executive  Summary 


SMdNUClMMm 


SPACE  NUCLEAR 
THERMAL  PROPULSION  (SNTP)  PROGRAM 


PRESENTATION  TO 

NUCLEAR  PROPULSION  TECHNICAL 
INTERCHANGE  MEETING 


BY 

LT  COL  GARY  A.  BLEEKER 
PROGRAM  MANAGER 
PHILLIPS  LABORATORY 

20  OCTOBER  1992 


SPACE  NUCLEAR  THERMAL  PROPULSION 

PROGRAM 


NUCLEAR  ROCKET  PROGRAM 

• TECHNOLOGY  CHALLENGE 

-[£VEIjOP  advanced  nuoear  rocket 
ENGINE  WITH  2X  THE  OF  BEST  UQOID 
ENGINES  AND  TFffUJSTTO  WBGHT 
COMPARAOETOHa/Oa 

•PROGRAM  PRIORITIES  ARE  SAFETY, 
RaiABIUTY,  CM>ERABIUTY. 
reRFORMANCE.  AND  AiTORDABIUTY 


• PAWFF 

•WIDE  VARIETY  OF  POTENTIAL 
APPUCATION  FOR  UPPERSTAGES,  OT\ft 
AM)  PLANETARY  MISSIONS 

-60-8IW.  COST  SAVm®  PER  LAUNCH 
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Enabling  Technology  - The  Particle  Bed  Reactor 


Fuel  Particle  Fuel  Element 


• »tel«ng  Point  -3300  K Ho* 

o Retains  R$sIon  Products 

* Low  Gas/Paiticle  At 

/-  tow  Thermat  Shock 

• Gas  Heated  Directly 
« High  Power  Density 


Reactor 


Features 

• Very  Compact 

• Low  Pressure  Drop 

• Fast  Start  (<10  Sec) 
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Introduction:  Executive  Summary 


iLEMENT  COMPONEMT  HARDWARE 


HOT  FILTER 


FILTER 


HIGH  TEMPERATURE  FUEL 


pump 


Carbon 


Introduction:  lixecuttve  ^titiinarv 


SNTP  Hydrogen  Test  Facility  Layout 


MiNT  TESTING 


ANNULAR  CORE 
RESEARCH  REACTOR 


Ground  Test  Approach 


7 Element 
Tester 


Core 

Tester 


Engine 

Tester 


Primary 

Confinement 

Barrier 

' C 

/* 

3 

Significant  Cost 
Reduction  By 
Combining  Sub 
Scale  and  Full 
Scale  Facilities 

J 

c 

J 

3 

Y 


s 


IL 


Exhaust  to  ETS 


SAFETY,  ENVIRONMENTAL,  HEALTH 
O TOP  PRIORITY  FROM  INCEPTION 

- PROGRAM  SAFE  ^Y  POLICY  ESTABLISHED  AND  BEING  FOLLOWED 

- PSAR  COMPLETE  AND  UNDER  REVIEW 

- MEETING  ALL  FEDERAL/STATE  REGULATORY  REQUIREMENTS 

- SUBSTANTIAL  INTERNAL  AND  EXTERNAL  REVIEW  (DSB,  DOE, 

NAS)  • ' 

- FOLLOWING  ALARA  (AS  LOW  AS  REASONABLY  ACHIEVABLE) 
APPROACH 
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Introduction:  Executive  Summary 


Funding  ($M) 


NUCLEAR  THERMAL  PROPULSION 

SYSTEM  CONCEPTS 
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/7=tVIASA===  LEWIS  RESEARCH  CENTER 

Systems  Overview 

Nuclear  Propulsion  Technical  Interchange  Meeting 

Sandusky,  OH 
October  2,1992 

Robert  Corban 
Nuclear  Propulsion  Office 
NASA  Lewis  Research  Center 
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NASA 


LEWIS  RESEARCH  CENTER 


Systems  Overview 
Requirements  and  Public  Acceptance 


• OBJECTIVE 

-Provide  NASA  with  Requirements  management  expertise 

- R»qulram«nt  d«tlnlt!on 
•Change  managomant  and  control 
• Raquiramants  document  maintenance 

-Pro>nde  public  acceptance  planning 

* Analytical  Engineering  Corporation 

-Awarded  competitive  contract  (small  business  set-aside) 

-On-going  6 year  contract 

-Provide  key  functional  analysis 

-Initial  requirements  document  developed  and  controlled 


ffpe^opyusooN  opms 


Systems  Overview 

Requirements  and  Public  Acceptance 


The  following  charts  provide  a brief  synopsis  of  the  contracted  efforts  for  FY92  in  assessing 
Nuclear  Thermal  Propulsion  requirements,  concepts,  and  associated  issues. 

Requirements  and  Public  Acceptance 

Objective 

This  effort  is  to  provide  NASA  LeRC  with  assistance  in  space  nuclear  propulsion  system 
requirements  management  and  public  acceptance  planning.  Requirements  management  will 
include  requirement  definition,  requirement  Change  management  and  control,  and 
requirement  document  maintenance.  Specific  objectives  are  to:  1)  provide  assistance  in 
defining  clear,  concise,  verifiable  nuclear  propulsion  system  requirements,  2)  provide  full 
traceability  of  requirements  with  reference,  analysis,  design,  and  historical  data  with  the 
ability  to  assess  the  impact  of  requirement  changes,  3)  produce  documentation  of  the 
nuclear  propulsion  system  requirements  and  specifications  that  can  easily  accommodate 
changes,  4)  provide  assistance  in  public  acceptance  planning,  and  5)  include  the  resultant 
system  requirements  for  a publicly  acceptable  SET  nuclear  propulsion  system. 

Ahaiytlgal  Engineering  Corapiariim 

Analytical  Engineering  Corporation  (AEC)  was  awarded  a five  year  contract  in  FY92  to 
meet  die  objectives  defined  above.  ABC’s  approach  will  utilize  detailed  functional  analysis 
to  ensure  that  system  functional  requirements  are  accurately  interpreted  and  flow  down  to 
system  specifications.  An  initial  requirements  document  has  been  developed  and  continuous 
improvements  are  on-going. 
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Systems  Overview 
Concept  Feasibility  Assessments 

• OBJECTIVES 

-Provide  consistent  requirernents  for  HTTP  concept  definition 
•Partids  Bod  Reactor  (AeroJaV Babcock  E Wilcox) 

•NERVAfiaHyed  (Rockatdyrie/Westlnghause) 

•CERMET  fPratt  A Whitney/  Babcock  A Wilcox) 

•qommonweatth  of  Independent  States  <Aerdet/  Babcock  A Wilcox/  Enargopooi} 
-Obtain  consistent  concept  assessments 

-Initiate  with  limited  levei-of-effort  {«  2 MY)  through  existing  task  order 
contracts 


INKifCILEAlS  ntOPtllMM  OPRGi 


Systems  Overview 
Concept  Feasibility  Assessments 


The  objective  of  these  studies  was  to  determine  the  feasibility  of  a nuclear  thennal 
propulsion  system  based  on  a particular  fuel  element  form  for  die  nuclear  reactor.  The 
studies  evaluated  “state-of-the-art”  concept  feasibility,  thrust  level  range  implications,  test 
facility  requirements,  manned  mission  impacts,  and  key  component  technologies  required. 
Shown  in  the  chart  are  the  study  teams  and  their  associated  fuel  element  that  was  the  basis 
for  their  concept  analysis. 
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========= 

Systems  Overview 

Concept  Feasibility  Assessments  (continued) 

• TASKS 

-Concept  Definition 

•Conceptual  layout 

•Thermodynamic  cycia  btianca 

•Prallmlnary  neutronic  and  thanTKd>hydrauIlc  analysis 

• System  mass  and  Thrust-to-Walght  Relationships  (25, 50, 75  KIbs) 
- Prsllmlnary  lit#  and  rsilablllty  assessment 

• Safety  laalures 
-Key  Technologies 

• Identify  key  enabling  technologies 

• Prellmlnafy  technology  plan 

• Associated  facility  needs 


Systems  Overview 

Concept  Feasibility  Assessments  (continued) 

Concept  Definition 

The  Contractors  were  requested  to  definc  a nuclear  thermal  propulsion  concept  basedjtm  their 
particular  reactor  concept  in  sufficient  detail  to  permit  reasonable  judgements  on  feasibility, 
weight,  performance,  safety  features,  operations,  and  key  technology  requirements.  An  overall 
assessment  of  the  NTP  engine  would  include  the  reactor  assembly,  nozzle,  propellant  feed 
system,  thrust  vector  control,  instrumentation  and  control,  and  propellant  jjressurization.  The 
concepts  were  defined  to  meet,  as  a minimum,  the  basic  performance  requirements  defined 
below.  The  NTP  engine  concepts  were  assessed  at  one  specific  thrust  level  point  with 
sensitivities  detennined  for  two  others. 

Baseline  Design  Requirements 

PARAMETER 
Thrust 

Thrusl/Weight  (w/  Internal  Shield)* 

Specific  Impulse 
Throttling 
Reuse 

Single  Bum  Duration 
Engine  Life 
Reliability 
Propellant 

Key  Technologies 

The  Contractors  were  to  determine  from  the  defined  concept  the  key  enabling  technologies  that 
need  to  be  addressed  before  the  system  could  be  developed.  Technologies  that  would  have  a 
significant  impact  on  the  overall  system  perforaiance,  safety,  or  reliability  would  also  be 
identified.  For  each  enhancing  technologies,  its  system  impact  were  to  be  identified  along  with 
the  risks  associated  with  its  development. 


REQUIREMENT 

25K-75K 

^4 

>850  seconds 

25%  Thrust  @ Rated  Temperature 
Multiple  (Mission  Dependent  ^ 10  Restarts) 
60  minutes  (Maximum) 

>270  minutes  at  Rated  Thrust  (3X  Required) 

Manned  Systems 

Hydrogen 
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(!=I\WSA  — sg-  RESEARCH  Ci^RR 

gysteip  ^ygryif w 

• gngInR  Clu^irfng  Study 
‘R^quRSted  by  EXPO 

'Assess  top  level  multiple  NTF  engine^ehicle  clMSterlng  feeslhlllty  issues 
'Petermine  impe«?t  on  NTP  requirements 
-Contracted  with  Oenerql  Dynamics 
-Quick  (2  months),  timited  effort  (|5GK)  study 
^ iJ^nwr  NTB  Vehicle  Pesign  |t  Pperafions  Stpdy 

-Identify  and  characterise  "near-term^  lunar  transportation  vehicles 

-Assess  design  featureSp  perfonmance.  and  qperatlor^al  benefits 

-Compare  various  lunar  NTH  options 

-Contracted  with  SAIC  and  Martin  Marietta 

-One  man-year  effort  over  past  six  months 

■ _ - ■ mmMm  pmsM 


Systems  Overview 


En^e  Clustering  Study 


The  objective  of  this  study  leqiie^t^d  by  NASA  JSC’s  Explcw^tioit  Project  Office  (EXPO)  was 
to  develop  propulsion  system  designs  that  could  be  integrated  with  the  provided  reference 
vehicle.  Four  propulsion  system  options  were  developed  using  two  and  three  engines  with 
either  boost  pumps  or  run  tanks  for  engine  start  up.  The  systems  issues  addressed  consisted  of 
TVe  requirements,  engine  ont  possibilities,  propulsion  system  failure  nrpdes  and  technology 
development  requirements. 


Lunar  NTR  Vehicle  Design  & Operations_Sttidv 

The  objective  of  this  study  was  to  identify  and  pharacterize  the  features  of  NTR  propulsion 
stages  for  ‘’near-term”  lunar  transfer  vehicle  missions.  TTie  study  assessed  NTR  stage  design 
features,  performance,  and  operational  benefits.  Programmatic  (schedule  and  cost)  issues  are 
also  addressed.  Comparison  of  various  options  for  lunar  transfer  vehicles  based  on  past  studies 
on  “all-propulsive”  and  “aerohraked”  chemical  were  also  addressed. 
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Systems  Overview 


Enabler  I & n 

'Hie  major  objective  of  this  task  was  to  upgrade  the  Nuclear  Engine  System  Simulation  (NESS) 
analysis  code  to  include  the  NERVA  solid  core  engine  (ENABUER  I)  and  an  advanced 
solid-core  reactor  module  (ENABLER  II)  that  utilizes  scaled  NERVA  fuel  elements. 
Addidonal  objectives  include  the  parametric  characterization  of  the  ENABLER  I & n engine 
system  concepts,  and  to  examine  on  the  “top-level”  NTP  engine  design  risk/reliability  issues 
and  their  impact  on  the  system. 
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DISCUSSION 


• Nueldar  thermal  {^rapuliion  Systems  ingineeritig 

* Systems  Fleeiutremeiits  Status 

* f^unptiohs  that  Need  td  ie  Pertdrmed 

» Attributes  Assoetated  With  the  Punetiens 


ANAi.ytlOAL 
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SYSTEMS  ENGINEERING  PROCESS  FOR 
REQUIREMENTS/CONFIGURATION  DEFINITION 


NASA 


SYSTEMS  CONTRACTOR  ^ NASA 


The  systems  engineering  process  for  requirements  and  configuration  definition, 
shown  in  the  figure  above,  includes  roles  and  responsibilities  of  NASA  and  the 
Systems  Contractor.  The  ovetaii  program  requirements  are  derived  from  the  mission 
to  be  performed.  The  program  requirements,  in  turn,  are  utilized  as  the  basis  for  the 
definition  of  ail  lower  level  documents  that  contain  increasing  detail  concerning  design 
requirements  associated  with  performance,  safety,  operations  and  environment.  The 
lower  level  documents  are  dynamic  in  nature.  Many  studies  are  conducted  involving 
trades  between  lower  level  requirements  and  engineering  system  definition.  The 
propulsion  system  requirements  are  highlighted  because  they  are  the  focus  of  this 
discussion.  Stage/Engine  requirements  have  been  generated,  baselined  by  NASA  and 
are  under  fomial  change  control  and  propulsion  system  definition  is  underway.  The 
Functional  Analysis  activity  shown  is  simply  the  process  of  systematically  identifying 
the  generic  functions  to  be  perfomied  at  ail  levels  and  leads  ultimately  to  the  definition 
of  the  System  Architecture.  Since  Program  and  Vehicle  Requirements  are  not 
currently  available,  the  propulsion  system  requirements  were  generated  on  the  basis 
of  representative  manned  lunar  and  Mars  missions. 
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file  Ui«s  lUlission  furtctional 
analysis  sh<»wn  defines  the 
mission  functions  to  be 
performed  in  successive  levels  of 
detail.  The  highlighted  functions 
at  each  level  are  those  that  are 
dif^tly  related  to  the  propulsion 
system.  Those  functions  that  are 
not  highiighted  are  the  principal 
Interfaces  with  the  propulsion 
system.  The  three  functions  of 
the  propulsion  module  are  to 
provide  thrust,  provide  specific 
impulse  and  control  of  the  engine 
operations.  The  three  charts 
which  follow  are  simply 
functional  breakdowns  of  the 
main  engine  functions  to 
successively  lower  levels  of 
detail.  On  the  basis  of  this 
analysis,  the  system  architecture 
or  system  definition  can  be 
completed.  It  should  be  noted 
that  these  functions  are  generic 
and  are  required  for  any  nuclear 
rocket.  No  design  solutions  have 
been  assumed.  It  is  the  role  of 
the  systems  d efinitlon 
contractors  to  perform  the 
system  trades  which  result  in  the 
definition  of  the  propulsion 
system. 
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The  completion  of  the  functional 
analysis  previously  described 
permits  the  definition  propulsion 
system  attributes  that  can  be 
utilized  to  assess  the  relative 
merits  of  competing  systems  and 
to  establish  criteria  for 
technology  thrusts  to  enhance 
performance,  safety  and 
reliability.  The  attributes 
associated  with  the  functions  are 
outlined  in  the  four  charts  that 
follow.  These  attributes,  in 
addition  to  the  system 
requirements,  can  be  utilized  for 
the  evaluation  of  any  nuclear 
rocket  system  and  can  provide 
the  system  contractors  guidance 
about  system  characteristics  that 
are  considered  to  be  important. 
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SUMMARY  RIMARKS 


A Consistent  Set  Of  Propulsion  System  Requirements  Has  Been 
Developed  By  NASA 

Traceable  To  Mission  Needs 

• Under  Formal  Change  Control 

Propuision  System  Functions  Traceable  To  System  Requirements  Have 
Also  Been  Generated 

Preliminary  Propuision  System  Attributes  Traceable  To  Functions  Have 
Been  Derived  To: 

• Assess  The  Relative  Merits  Of  Competing  Systems/Elements 

• Establish  Criteria  For  The  Definition  Of  Technology  Thrusts 

We  Request  Feedback  From  The  Program  Participants  - Particularly  The 
System  Definition  Contractors 

Future  Work  Will  Be  Directed  To  The  Development  Of  An  Integrated 
Propulsion  Systems  Model  Coupled  With  Propulsion  Systems 
Requirements  Traceable  From  The  Lowest  Level  To  Mission  Needs 

ANALYTICAl,  -5^^^  ' 
ENGINEERING 
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NUCLEAR  SYSTEMS  IN  SPACE? 
DOES/WILL  THE  PUBLIC  ACCEPT  THEM? 


Harold  B.  Finger 


Public  Acceptance  is  always  raised  as  an  obstacle  to  the  use  of  nuclear  energy  for  any 
purpose.  In  any  way.  It  Is  always  cited  as  an  issue  that  must  be  resolved  before  nuclear 
energy  can  be  used  for: 

Nuclear  energy  plants  to  generate  more  eiectricUy. 

Nuclear  medical  diagnosis  and  treatment. 

Food  irradiation  to  destroy  harmful  bacteria. 

So  it  is  not  surprising  that  the  assumption  is  generally  made  that  there  is  public 
opposition  to  using  nuclear  energy  in  space  that  could  preclude  its  use  even  for 
missions  that  it  makes  realistically  feasible.  Yes.  there  Is  a broad  assumption  that  the 
public  generally  opposes  nuclear  energy. 

Let  me  start  right  off  by  telling  you  that  assumption  is  WRONG.  (Figure  1)  Here  are 
some  of  the  attitude  data  that  indicate  the  public's  attitudes  on  nuclear  energy.  They 
are  positive,  not  negative.  Most  of  the  public  believes  nuclear  energy  will  play  an 
important  role  in  our  energy  supply,  that  it  should  play  an  important  role,  and  that  the 
need  for  nuclear  energy  to  supply  our  electricity  will  increase.  Only  15%  would  favor 
closing  our  nuclear  electric  plant. 

In  spite  of  those  data,  you  are  not  alone  in  thinking  the  public  opposes  nuclear  energy. 
When  (Figure  2)  opinion  leaders  are  asked  how  important  a role  they  think  nuclear 
energy  should  play  in  meeting  our  future  energy  needs.  72%  answered  Very  or 
Somewhat  important.  But,  I hen,  when  they  were  asked  how  important  they  thought 
the  public  feels  about  the  reliance  on  nuclear  energy,  only  25%  thought  the  public  felt 
nuclear  energy  should  play  an  important  role,  while  63%  felt  the  public  did  not  believe 
it  should  be  important.  As  Figures  1 and  2 show.  73%  of  the  public,  the  same  number 
as  the  opinion  leaders,  believe  nuclear  energy  should  play  an  important  role.  A similar 
perception  gap  exits  between  Congressional  staff  views  supporting  the  Importance  of 
nuclear  energy  and  what  they  think  the  public  believes. 
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So.  (Figure  3)  we  all  do  have  a Job  to  gel  opinion  leaders  and  our  poUey  makers  and 
many  other  inlTuentials  in  our  society  lo  understand  that  the  public  accepts  and  even 
supports  the  use  of  nuclear  energy.  Doing  that  will  certainly  help  get  favorable  policy 
action  related  to  nuclear  energy.  But  it  won*!  be  easy  to  get  that  point  across.  It  won’t 
be  easy,  at  least  partly  because  the  small  number  of  comniltted  antl-nukes  arc  vocal 
and  because  — as  about  two  thirds  of  those  who  call  news  about  nuclear  energy 
describe  those  news  reports  as  negative  --  the  press  does  generally  emphasize  the 
negative.  It  appears  that  good  news  is  not  considered  newsworthy. 

As  the  USCEA  has  determined,  based  on  broad  attitude  research  (Figure  4).  there 
should  be  no  expectation  that  the  public  will  accept  or  support  the  use  of  nuclear 
energy  unless  it  meets  special  needs  and  offers  special  and  significant  benefits.  That  is 
why  the  USCEA’s  public  infoimation  program  emphasis  (Figure  5)  is  on  galnir^ 
recognition  for  the  growing  need  for  electricity  tn  a growing  economy  and  on  nuclear 
energy’s  benefits  in  cutting  imported  oil  dependence,  reducing  pollutaint  emissions  and 
preserving  scarce  resources. 

In  transferring  that  lesson  to  our  space  use  of  nuclear  energy  IFlgure  H means 
getting  recognition  and  support  for  the  space  program  broadly  and  for  the  missions 
benefit  substantially  from  or  realistically  require  nuclear  energy  for  their 
accomplishment. 


This  is  what  a group  of  aerospace  and  other  companies  are  now  tiying  to  organize  — a 
program  to  do  Just  that.  If  of  you  here,  whose  oiganlzatiQns  have  not  yet  been 
involved  in  this  effort  want  to  become  part  ©f  it.,  please  let  me  nr  Mtid  l^bbins  know  of 
your  Interest.  We’ll  welcome  your  participation. 

Developing  an  effective  public  communication  program  ^(Figure  7)  requires  a solid  base 
of  attitude  research.  We  must  understand  the  views  of  the  public  and  of  our  policy 
malcers.  We  must  ^determine  those  benefits  of  the  space  program  and  of  the  missions 
that  are  realistically  enabled  by  ^nuclear  energy  rlhat  would  ibe  effective  in  gaining 
support  for  the  space  program  and  those  missions.  In  >lact.  weiknow  almost  nothing 
about  the  public^s  attitudes  and  Iknowlcdge  on  using  nuclear  energy  in  space.  1 doubt 
that  the  public  knows  that  we  have  already  used muclear  — radioisotope-  power  units, in 
space  4o  get  data  from  the  Moon  in  Apollo,  to  gel  pictures  of  Saturn  and  Jupiter.  ,and 
other  uses  w^hose  results  were  broadly  and  proudly  discussed.  Wc  rneed  to  get  such 
information iknown  as  part  of  our  developing -program. 
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We  do  have  a fairly  good  feel  for  what  the  publie  thinks  about  (he  space  program; 
thanks  largely  to  the  excellent  work  supported  mainly  by  Rockwell  International  and 
from  several  others.  So  let  me  review  some  of  those  research  results  with  you. 

Here  (Figure  8)  are  the  generally  highly  positive  views  of  the  space  program.  Over  80% 
support  the  space  program  overall:  believe  it  is  important  to  the  United  States;  approves 
of  It;  and,  at  least  back  in  1988,  believed  that  a U.S.  lead  in  the  program  was  important. 
Figure  9 shows  further  data.  There  is  less,  though  still  strong,  sense  of  a personal 
benefit  than  a national  benefit,  but  it  Is  certainly  encouraging  that  relatively  few*  only 
25  to  30  percent-  considered  space  exploration  a luxury  at  those  times.  I’ll  address  that 
further  later. 

It  is  also  important  and  encouraging  to  see  the  overwhelmingly  positive  responses  when 
various  benefits  are  suggested  as  reasons  for  supporting  the  space  program  (figure  10). 
However,  all  of  these  attributes  are  suggested  in  the  interviews;  there  are  no  open-ended 
questions  that  would  ask  the  interviewee  what  he  or  she  knows  and  believes  Is  most 
important  about  the  space  program.  Of  course,  that  will  require  further  attitude 
research.  In  the  meantime,  the  data  of  Figure  10  are  very  positive. 

Here  (Figure  1 1)  are  the  responses  when  various  goals  are  suggested  for  the  space 
program.  You’ll  notice  that  the  support  for  all  the  proposed  missions  dropped  from 
1990  to  1992.  We  don’t  really  know  the  reason  for  that  drop,  but  it  may  also  indicate 
that  we  have  not  adequately  explained  the  economic,  job,  nor  technology  benefits  of  the 
space  program.  Even  some  Congressmen,  who  should  know  better,  say  we  should  not 
spend  our  budget  IN  space,  that  we  need  the  work  here  on  the  ground.  Tliat’s  actuaUy 
an  argument  we  faced  and  addressed  back  in  the  1960’s.  Tlie  response  is  obvious*  I 
believe. 

Although  Figure  11  shows  the  significant  downturn  in  support  of  manned  lunar  and 
Mars  missions,  lei  me  turn  to  broader  public  views  concerning  the  manned  Mars 
mission*  which  we  would  all  agree  is  certainly  one  of  the  primary  missions  for  nuclear 
thermal  propulsion.  That  mission  is  realistically  enabled  by  nuclear  propulsion. 

For  our  Russian  friends  who  are  here.  Figure  12  shows  the  obvious  feelings  of 
Americans  that  think  we  should  do  the  Mars  mission  together  with  the  republics  of  the 
former  Soviet  Union.  Americans  felt  that  way  back  in  1988  when  we  were  strong 
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competitors.  I expect  the  numbers  would  be  much  blather  in  favor  of  that  joint  effort 
today. 

In  essencei  the  various  data  here  indicate  that  Mars  and  planetary  investigation  rate 
high  among  the  alternatives  suggested  for  future  missions.  Support  for  the  President's 
SEI  missions  also  shows  high  figures.  However,  it  is  significant  that  only  a little  over  a 
third  of  those  interviewed  were  aware  of  his  proposals.  That  is  only  another 
manifestation  of  the  fact  that  his  iniilaUves  were  not  broadly  discussed  and  that  they 
were  not  seized  within  the  space  community  nor  developed  and  pushed  as  dynamic 
goals  that  could  provide  significant  benefits  for  the  country.  There  was  very  little 
discussion  of  those  goals  and  proposals  outside  the  space  and  science  community. 

The  question  of  the  importance  of  the  U.S.  being  first  to  get  to  Mars  drew  a response 
that,  not  surprisingly,  change  significantly  after  the  demise  of  the  Soviet  Union  and  its 
replacement  by  the  Commonwealth  of  Independent  States.  In  1989.  there  was  a small 
margin  feeling  it  was  important  that  we  be  first,  but  after  the  Soviet  coup  attempt,  there 
was  a significant  reversal  with  only  36  percent  feelir^  it  was  important  that  we  be  first. 
The  competition  wUh  the  Soviet  Union  was  no  longer  considered  significant  as  a 
justification  for  an  urgent  effort  to  be  first  in  that  difficult  Mars  goal.  As  I indicated 
earlier,  the  idea  of  a joint  effort  may  be  viewed  as  an  even  greater  opportunity  than  was 
the  case  in  the  data  of  the  late  I980’s, 

Now  let  me  turn  to  the  telling  data  on  putting  our  nioncy  were  our  mouth  is  how 
much  should  we  be  spending  on  the  space  program?  In  general  (Figure  13),  a majority 
of  people  seem  to  favor  investment  in  the  space  program:  especiaily  when  we  combine 
those  who  favor  an  increase  with  those  who  believe  it  should  be  continued  at  its  cuirent 
levels*  Not  until  the  choice  between  “investment  in  space  or... on  domestic  programs**  do 
we  see  a significant  switch  in  1990  in  favor  of  the  domestic  programs.  I maintain  that 
choice  is  not  a real  one.  We  obviously  do  not  spend  the  money  in  space;  it  is  actually 
spent  in  this  country  and  it  is  a benefit  to  our  domestic  economy*  to  our  technological 
development  and  to  our  eompetltiveness  and  job  base.  I feel  strongly  that  the  space 
effort  is  the  peaceful  aliemative  to  the  cutback  in  our  defense  effort  That  may.  In  fact, 
turn  out  to  be  an  effective  message  and  a persuasive  one  in  getting  recognition  for  the 
importance,  benefits  and  need  for  such  a mission  and  such  a space  program.  However, 
determining  whether  that  is  the  case  will  require  meaningful  message  research  and 
evaluation. 
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What  arc  the  conclusions  thal  can  be  drawn  from  all  this  attitude  research  on  the  space 
program?  Here  (Figure  14)  are  my  conclusions.  The  attitudes  concerning  the  space 
program  are  generally  favorable,  especially  when  we  consider  the  economic  problems 
our  nation  faces.  However,  many  of  the  comments  made  are  in  response  to  suggested 
goals,  benefits,  etc.  There  is  very  IHtle  research  that  is  open-ended  and  seeks  out  the 
level  of  understanding  that  the  public  actually  has  about  the  space  program  and  the 
extent  that  they  actually  think  about  it  themselves.  We  need  such  greater  searching 
research. 

It  is  significant  that  there  is  no  research  into  the  attitudes  of  the  public  concerning  the 
use  of  nuclear  systems  in  space  nor  in  determining  what  they  would  think  about  all  the 
nuclear  systems  that  have  already  been  used  in  space.  We  need  greater  understanding 
of  those  views. 

My  next  three  conclusions  all  relate  to  the  need  for  an  effective  program  that  can 
communicate  to  the  public  and  to  policy  makers  the  benefits  and  importance  of  and  the 
need  for  the  space  program.  We  must  determine  what  messages  are  truly  effective  and 
then  devise  a broad  array  of  approaches  to  communicate  those  messages  to  the  public 
and  to  decision  and  policy  makers.  We  have  no  such  program  now.  In  fact,  I would 
have  expected  the  President’s  SEl  goals  to  have  become  the  basis  for  a comprehensive 
program  planning  and  communication  effort.  But  I certainly  did  not  see  that  develop 
and  I do  not  see  it  available  or  being  developed  to  the  level  required. 

Therefore,  my  major  conclusion,  punch  line  and  appeal  to  all  those  informed  on  and 
involved  in  this  country’s  space  program  is  that  we  establish  a strong,  effective 
communications  program  that  will  convey  the  benefits  of  the  program  and  rebuild  the 
enthusiasm  for  space  activities  we  used  to  have.  LET’S  GET  ON  WITH  THAT  JOB. 
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Figure  1 


mjnmm  mmiMm  energy 


iNERGy  TO  PLAY  IMPORTANT  ROLE  BKF/o 

NUOLEAR  INERGY  SHOUy>  PLAY  IMPORTANT  ROLE  73% 

N||d  Foi  Energy  to  iNeREASE  76% 

i|LOSE  DOWN  NypLEAR  PLANTS  1 5% 


Figure  ? 


Btg  Perception  ^op 

Real  and  Rergeived  Publjq  OpiniQn  About  Nuclear  inirgy 


Opinion  leaders  and 
pubiic  both  favor  rtuclear 
energy....but  ppinipn 
leaders  unclerestlmj|ie 
public  support,  the  gap 
between  real  and  perceived 
public  opinion  Is  huge. 


What  Opinion  Leaders  Think.... 


Trpcticftity  speaking,  how 
important  a role  do  ym 
nuclear  emrSY  should  pfay  in 

mdoting  America's  luiuw  &^gy 
rmedsr 


Very  important 
Soniewtiat  importani 


72% 


Not  loo  importani  H||K  1 
Not  important  at  all  / 

Don't  know  Jf;  t 


What  Opinion  f-escler?  Thlhl^  the  Public  ThinHs.... 


"What  about  the  Anwrican 
public:  Po  you  think  the  majority 
of  Americans  would  say  that 
nuclear  energy  should  play  an 
important  role  in  meeting 
America’s  future  energy  needs, 
or  do  you  think  that  thd  majority 
would  say  that  nuclear  energy 
should  not  play  an  important 
role?" 


important  rote  |pi|||P3; 
Not  important  role  ||PP||||j|||^ 
Don't  know  ||ppk 
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What  the  Public  REALLY  Thinks.... 


"Practically  speaking,  how 
important  a role  do  you  think 
nuclear  energy  should  play  in 
meeting  America’s  future  energy 
noeds?" 


Pmpamdi  by  the  p.S.  CoanpH  for  Energy  Awareness 
April  1992 
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Figure  3 


GAINING  PUBLIC  ACCEPTANCE,  APPROVAL,  and 
SUPPORT  FOR  USING  NUCLEAR  SYSTEWIS  IN 
SPACE  MISSIONS 


ITS  TIME  TO  ORGANIZE  A 
PROGRAM  TO  DO  THAT 


Figure  4 
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Figure  5 


Ideas  Ai3©yt  Nuclear  finergy  Plants 


Figures 

GAINING  PUBLIC  ACCEPTANCE,  APPROVAL,  and 
SUPPORT  FOR  USING  NUCLEAR  SYSTEMS  IN 
SPACE  MISSIONS 


Gaining  that  acceptance,  approvai,  and  support  requires  first  gaining 
recognition  of  the  need  for  and  the  benefits  of  using  those  nuclear 
systems  in  space. 

We  do  not  use  nuclear  energy  in  space  unless  the  benefit  and  need  are 
clear. 

Therefore,  the  objective  is  first  to  gain  public 

RECOGNITION,  ACCEPTANCE,  APPROVAL  AND  POLITICAL 
SUPPORT  FOR  THE  SPACE  PROGRAM  BROADLY;  AND  FOR 
MISSIONS  THAT  BENEFIT  SUBSTANTIALLY  FROM  OR 
REALISTICALLY  REQUIRE  NUCLEAR  SYSTEMS  FOR  THEIR 
ACCOMPLISHMENT. 
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Figure? 


DEVELOPMENT  OF  AN  EFFECTIVE  PUBLIC 
COMMUNICATION  PROGRAM  REQUIRES  A SOLID 
BASE  OF  ATTITUDE  RESEARCH 


• Public  attitude  tracking 

• Strategy  and  message  testing 

• Testing  communication  vehicles 

• Evaluation  of  communication  effects 


Figure  8 

ATTITUDES  TOWARD  SPACE  PROGRAM 


Support  space  program  overall 
Space  program  is  important  to  U.  S. 

Approve  of  America’s  civilian  space  program 
U.S.  lead  In  space  technology  important 


80%  (Mar.  90) 

88%  (June  88) 

80%  (July  88  & Feb.  90) 
82%  (Feb.  88) 


Data  provided  by  Roper  Center,  University  of  Connecticut;  from  Rockwell  - Market  Opinion 
Research;  and  Yankelovich  - Time  Magazine  sources. 
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Figure  9 


IMPORTANCE  OF  THE  SPACE  PROGRAM 


JULY 

FEB. 

198S 

1990 

To  our  oountry 

88% 

82% 

TO  you  oorsonally 

71% 

68% 

Spoco  expioration  very  important  to  the  U.$- 
and  the  world 

71% 

67% 

Spaoe  axploration  is  a luxury  with  all  the 
prohlems  here  on  Earth 

25% 

29% 

QenatitS  of  space  program  will  be  more 
impodant  10  years  from  now* 

72% 

l.ooking  back  20  years;  time,  effort  and  money 
to  land  men  on  the  moon  was  worth  it. 

77% 

Data  from  Rockweii  - Market  Opinion  Research  Surveys 

Pate  noted  t>y  * from  Gordon  S.  Black  Corporation,  taken  from  U.S.A.  Today 

Figure  19 


IMPORTANCE  OF  REASONS  FOR  SUPPORTING 
THE  U.S.  SPACE  PROGRAM 


JULY 

1983 

FEB. 

1990 

PEB. 

1992 

Makes  possible  new  and  important  scientific  and 
medical  discoveries 

90% 

89% 

92% 

Provides  new  and  improved  consumer  products 
and  services 

76% 

76% 

74% 

Develops  new  technology  to  improve  U.S. 
productivity  and  economic  competitiveness 

87% 

87% 

88% 

Helps  military  defend  country 

80% 

79% 

80% 

New  frontier,  important  to  pioneering  and 
exploration  heritage 

82% 

79% 

Space  leadership  strengthens  America’s 
worldwide  prestige 

81% 

69% 

Helps  us  understand  weather,  climate, 
environment 

92% 

88% 

Helps  interest  young  people  in  science  and 

88% 

88% 

engineering  studies 
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Figure  11 


U.S./N ASA  SPACE  GOALS 


Improve  understanding  of  climate,  weather, 
atmosphere  - start  new  satellite  and  Space  Station 
program  with  international  participation 

JULY 

1988 

86% 

FEB. 

1990 

81% 

FEB. 

1992 

Explore  solar  system  with  unmanned  flights 

82% 

85% 

71% 

Permanent  manned  U S.  Space  Station  with 
international  participation 

78% 

74% 

65% 

Back  to  the  Moon  — Base  for  scientific  research 
and  mining  lunar  materials 

70% 

64% 

57% 

Manned  mission  to  Mars  — Science  outpost  and 
exploration 

66% 

62% 

49% 

Data  from  Rockwell  - Market  Opinion  Research  and  Yankelovich  Surveys 


Figure  12 

ATTITUDES  ON  MANNED  MARS  MISSION 


1988: 

Good  idea  to  cooperate  with  Soviet  Union  on 
Mars  Mission 

71% 

Yankelovich-Time  Survey 

1988; 

Incrtase  NASA  buflggt  to  pormit  manned  Mars 

mission 

64% 

Rockwell  Opinion  Research 

1988: 

if  you  favor  manned  Mars  mission: 
Should  U.S.  go  Independently? 
or  equal  partners  with  Russians? 

31% 

54% 

Rockwell  Opinion  Research 

1989: 

Where  should  astronauts  go  next? 
Permanent  Space  Stations? 
Planet  Mars? 

Back  to  the  moon? 

Somewhere  else? 

Don’t  send  anywhere 

40% 

14% 

7% 

9% 

20% 

Gordon  Black  Corporation 
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Figure  12  (cominued) 

ATTITUDES  ON  MANNED  MARS  MISSION 

continued 


1989; 


1989: 


1991 

1990: 


1990; 


What  should  be  the  top  priority  of  ihe  Sp%;e 
Program? 

Basio  research  - solar  system  and  planets 
ZerO'G  and  commercial  technologies 
Space  based  defense  shield 
Mining  resources  on  Moon  and  planets 

Gallup 

How  important  for  tho  y,S.  to  feo  llrsl  on  tWars? 

Gallup 

How  important  for  the  U.S.  to  be  first  On  Mars? 
Gallup 

Manned  missions  to  Moon  and  Mars  will 
encourage  science  and  engineering  studies 

Bockwell  Opinion  Research 

Favor  President  Bush’s  SEi  missions* 

Rockwell  Opinion  Besearch 


30% 

18% 

14% 

23% 


51%  vs. 
48% 

3S%  vs. 
64% 

81% 


69% 


‘30%  of  the  people  are  aware;  61%  are  not aware  of  SEI  proposals 


Figube  13 


AMOUNT  OF  EFFORT  ON  THE  SPACE  PROGRAM 


(Rockwell  Supported  Besearch) 

JULY 

1988 

FEB. 

1990 

FEB. 

1992 

Space  program  should  be  expanded 

65% 

53% 

58% 

Space  program  should  continue  as  is 

63% 

66% 

67% 

Expenditures  should  be  cut  back 

36% 

40% 

42% 

U.S.  should  spend  whatever  necessary  to 
maintain  leadership  in  space 

61% 

56% 

63% 
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Figure  13  (continued) 


AMOUNT  OF  EFFORT  ON  THE  SPACE  PROGRAM 

continued 


JULY 

1988 

JULY 

1990 

JULY 

1992 

JAN. 

1990 

* 

Amount  of  money  being  spent  on  U.S. 
space  program  snoutd  be: 

Increased 

26% 

27% 

17% 

19% 

Kept  the  same 

41% 

42% 

37% 

40% 

Reduced/etiminated 

24% 

22% 

32% 

38% 

Gallup  Survey  (*  Marist  Inst.  Survey) 

is  investment  in  space  worthwhiie  or 
better  spent  on  domestic  programs? 

Worthwhiie  43%  39% 

Domestic  programs  52%  57% 

Gallup  Survey 


Figure  14 

CONCLUSIONS 

• Generally,  favorable  attitudes  on  space  program 

• Much  of  the  comment  was  based  on  suggestions  with  very  little 
open-ended,  volunteered  comment 

• No  data  on  using  nuclear  energy  in  space  or  on  contributions  already 
made  by  nuclear  energy 

• No  significant,  coordinated  communications  program  exists 

• No  system  for  communicating  with  influentials  and  the  public  by 
constituents,  scientists,  etc. 

• No  actual  message  testing  to  define  effective  ones 

• President  Bush’s  SEI  was  not  grabbed,  pushed,  nor  run  with  as  the 
basis  for  building  public  and  political  support 

• No  clear  long-term  program  laid  out  with  clear  short  and  intermediate 
term  milestones  as  the  basis  for  developing  and  demonstrating  SEI 
technologies. 
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14  (GaNtiNUEi) 

CONCtUSlONS 

6PNTINU|I6 


A STR0N(S,  EFFECTIVE  COMMUNICATIONS 

PROOMM 1$  mauimo  to  rebuild  enthusiasm 

FOR  SPACE  ACTIVITIES  AND  TO  HOLD  IT.  THE 
BENEFITS  TO  THE  NATION  AND  TO  AMERICANS 
JUSTIFIES  IT. 


Let’s  start  with  one  that  will  feed  into  the  existing  enmniunicitinns  of 
various  fompanies,  assoolations,  researth  organizations  and 
government. 
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Siilft'S 


NASA-LeRC 
October  22,  1992 


Agencia 


• Introduction 

• Reactor  Concept  Development 

• Engine  Conceptual  Design 

• Key  Technology  and  Streamline  Development  Plan 
Assessment 

RocKwalllnternsUonol 


Introduction 


FY92  accomplishments  centftred  on  concefitual  design  and  artaiysns  lot  75K,  50K,  an<l  75K  engines,  wirti  emphasis 
on  the  60K  engine,  to  NASA  requirements. 

During  the  first  period  of  performance  flow  and  energy  balances  were  prepared  im  each  engine  size  with  single  and 
dual  turbopumps,  plan,  elevation,  and  isometric  drawings  were  prepared  for  each  of  these  configurations,  and  thrusts- 
to- weight  were  estimated.  A review  of  fuel  technology  and  key  data  from  the  Rover/NERVA  program,  esiablished  a 
baseline  for  proven  reactor  performance  and  areas  of  enhancement  to  meet  near-term  goals.  Studies  were  performed 
of  the  criticality  and  temperature  profiles  for  probable  fuel  and  moderator  loadings  for  the  three  engine  sizes,  with  a 
more  detailed  analysis  of  tlie  50K  size. 

During  the  second  period  of  performance,  analyses  of  the  50K  engine  continued.  A cl lainhcr /nozzle  contour  was 
selected  and  heat  transfer  and  fatigue  aitnlyses  were  perforrund  for  likely  tfiaterials  of  cnnsInictitMi.  Reactor  nn.aiyses 
were  performed  to  determine  component  radiation  heating  rates,  reactor  radiation  fields,  water  immefsinn  poisoning 
requirements,  temperature  limits  for  restarrabiilty,  and  a tie  tube  titermal  analysis.  In  addition  reactor  safety  and 
reliability  were  assessed. 

Finally,  a brief  assessment  of  key  enahling  technologies  was  marie,  with  a view  toward  identifying  development  issues 
and  identification  of  the  critical  path  toward  achieving  engine  qualification  wiiliin  10  years.  Our  initial  appraisal 
sugge.sts  that  criilcal  path  for  the  program  will  he  the  design,  construction,  ami  acceptance  testing  of  engine  test 
facilities. 
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• Rover/NERVA-dorivocI  technology 

• "Near-Term”  man-rated  mission 

• 4.5  hours  qualification  test  at  rated  conditions  to  validate  1.5  hours  at 
rated  conditions  for  manned  missions 

• Restartable.  at  least  1 0 starts 

• Launch  envelope,  30  m (length)  x 10  m (diameter) 

• Ijp  > 850  seconds 

• Thrust 

A.  Inltially--25K,  50K,  and  75K 

B.  Continued  effort-50K 

• Thrust/Weight  (with  internal  shield)  ^ 4 

RocHweii  ImeriiBtlonol 


Writ  ill  iilmiiic  (Ueeiiic  •({(«« 


Requirements 


Requirements  for  the  FY92  NASA-funded  effort  derive  from  tfie  Statement  of  Workj  hesfc  objective  was  the 
assessement  of  the  near-torm  fcasihiUty  of  Rtiver/NERVA-derlvcd  nuclear  tJiennaJ  rocket  enqine  technology  for 
meeting  piloted  missions  to  Mars.  The  basic  requirements  for  the  engine  provided  by  NASA  included  size  limits, 
target  specific  Impulse,  number  of  restarts,  operating  life,  and  llirtist  lo-welghi  lower  limit.  Initial  analyses  were  to 
be  performed  for  three  engine  thrust  sizes:  25K,  50K,  and  75K.  Final  concept  development  was  to  be  performed 
for  the  50K  thrust  size  engine. 


#1^ 
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Additional  Ground  Buloa 

# Pewee  fuel  element,  tempei;eture,  end  ZrH  mederatut 

• Chamber  temperature  2,550  K 

* Power  density  1.18  fi/IW/eleinent 

0 Tie  tubes  with  expander  cycle 

# Pual  turbopumps/loss  of  both  pumps 

# Nozzle  expansion  ratio,  200/1 

# Padiation  leakage  limits  from  NERyA 


• System  requirements  of  NASA  N.P.  002 


RoelkWfill  Iniarnattono) 

Wvltiwi 


WrufaiglKKite  nicciHc 


Additional  Ground  Rules 


Communication  with  NASA  subsequent  to  jsstiance  of  the  Statement  of  Work  provided  adriitional  guidance; 

Pew00  operating  parameters  for  chamber  temperature  and  power  density,  use  of  tie  tubes  with  llie  expander  cycle, 
incorporation  of  dual  turbopumps  with  consideration  of  pump  outages,  a nozzle  expansion  area  ratio  (200), 
radiation  timlta  from  the  N^RVA  design,  and  additional  system  requirements  found  In  NASA  N.P.  002,  **Nuclear 
Thermal  Rocket  Engine  Requirements/ 
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•lCfl!;7JM-92 


NP-HM-92 


NERVA-Derived  50K  Engine  Schematic 


Chamber  pressure  = 784  psia 
Clianiber  tempera  lure  ^ 2.550  K 
Specific  impulse  870  seconds 
Nozzle  expansion  ratio  = 200:1 
Nozzle  belt  - 110%  lengtti 


Pocttwell  JnteroDllotml 

KM  tittliliMt 


Wcti^lhouts  lOeclfte  Cntpoiitu^ 


NERVA-Derived  50K  Engine  SchematiG 


Tt)o  60K  engine  features  duel  turba|)umi>s  stitipiylii(i  IU|iiid  iiyrlrogcn  t(»  the  do  fuhns.  nnd  the  Ghmiilim  niul  nn77lcV. 
Approximately  70%  of  the  flow  goes  to  cool  the  tie  tubes  and  morleraior;  the  heat  pickup  provides  the  energy  for 
the  turbines.  The  pioi)ult»nt  flow  used  to  cool  ttio  ntinnit)nr  nnd  no/zto  also  cools  ttto  rofloctpr  and  pressure  vessel. 
Ttte  total  flow  is  mixed  togetlier.  flows  IlHouglt  the  fuel  oiomotds  wlnne  the  tuinporxiliire  )s  litcinasnd  to  2,550  K. 
and  Is  exhausted  from  the  nozzle  to  produce  thrust.  The  engine  is  sized  and  packaged  to  fit  within  given 
geometrical  constraints;  consequently,  chamber  pressure  and  bell  nozzle  length  are  selected  to  maximize  specific 
impulse  and  thrust-to-welght. 
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Key  Features/Attributes 


• Proven  technology,  low  risk  approach 

• Nozzle  technology  flying  with  Space  Shuttle 

• Existing  turbopump  designs  applicable 

• Rover/NERVA-derived  reactor 

• Minimum  development  timeAiioney 

• Supports  10-year  qualification  goal 

• l,p  > 150  seconds  better  than  NERVA-XE' 

• MCNP  permits  fuel  loading  for  flat  profile 

• Tie-tube  support  approach  facilitates 


• Expander  cycle  turbine  for  improved  1,^ 

• Incorporation  of  ZrH  to  minimize  reactor  size 

• Optimized  packa0ing  and  flow  balancing 


• Can  accept  evolutionary  improvements 


HocKweil  Iniornottoriai 

ttMliftlrfyni  Dhtiton 


Writinihouie  |!}ee(ftc  rfli|wi«finn 


Key  Features/Attributes 


The  Rocketdyne-Wes  ting  house  nuclear  thermal  rocket  engine  benefits  from  a combination  of  the  technology  proven 
in  the  Rover/NERVA  program  and  modern  rocket  engine  man-rated  components.  The  goal  of  producing  a qualified 
crtglne  within  10-years  can  be  achieved  with  minimal  development,  based  on  the  current  state  of  the  art.  Cooled 
chamber  and  nozzle  technology  from  the  SSME  Is  directly  applicable,  and  liirbopumps  from  the  J-2S,  Rover,  and  SSME 
bracket  current  requirements.  Studies  were  initiated  to  examine  pump-out  performance  with  boost  pumps  and  multiple 
turbopumps;  however,  meaningful  results  were  not  achieved  within  the  allocable  funding  limitations. 

Easily  achievable  enhancements  provide  Improvements  in  1,^  over  the  last  NERVA  engine  tested,  NRX-XE*. 
incorporation  of  tie  tubes  and  the  expander  cycle.  Increase  of  the  expansion  ratio  from  10  to  200,  regenerative  cooling 
throughout,  and  Increase  of  the  chamber  temperature  to  the  Pewee  conditions  adds  over  150  seconds  of  specific 
impulse.  A further  increase  of  chamber  temperature  to  2,700  K by  use  of  composite  elements  would  add  another  30 
seconds  to  bring  the  total  to  900  seconds. 

The  preliminary  configuration  lias  the  turbopunips  nt  llm  skin  of  tho  chamber  to  slmrion  the  overall  lencf  lli  of  Ihn  engine 
assembly.  Within  that  configuration  flow  and  energy  balances  are  optimized  to  minimize  pressure  whlcli  directly  affects 
ducting  wall  thickness. 
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,i)IE.TIM-92 


NERVA-DerIved  50K  Engine  Isometric 


Reactor  exit  temperature  - 2.650  K 
Diinl  ftirboptinips 
Split-flow  expander  cycle 
No/zie  cxiimisioit  ratio  - 2Q0:1 
Nozzle  bell  - 1 10%  leiigtli 
Specific  impulse  - 870  seconds 
Thritst/weighl  = 5.3  (with  shield) 
Engine  length  = 7.6  m 
Exit  cHameter  = 2.4  nt 


Wcftmihowe  Klecuie  Cm|>otMti<N 


NERVA-Derlved  50K  Engine  Isometric 


A key  feature  of  the  engine  Includes  compact  packaging,  with  turbppumps  rnounted  to  the  side  of  the  reactor 
vessel  to  reduce  the  overall  height  and  pertnU  a higher  expansion  within  the  goomotrical  constraints.  Another 
feature  has  the  tubular  nozzle  attaching  to  the  chamber  at  a low  expansion  ratio  to  save  weight  and  to  facilitate 
ground  testing.  An  area  for  evotutionary  change  in  this  design  would  be  the  substitution  of  uncooied  composite 
ceramic  materials  for  the  tubular  nozzle  for  a potential  weight  saving  and  some  increase  ifi  specific  impulse. 


I* 
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NTP:  S}»i«coi,CW((%p4. 


Technology  Assessment  Besylts 


• Technology  available  for  most  issues 

Rover/NERVA,  SSME,  Rocketdyne  state  of  #ie  art, 

’ SP-100,  terrestrial  advanced  reactors,  state-of-the-art 
electronics  and  computers 

• Unresolved  system  design  issues 

Loss  of  turbopumps,  lifetime,  intact  reentry-rwater 
subcriticality  (or  total  dispersal},  decay  heat  removal, 
engine-out  cooling  during  operations,  fuel  midband 
corrosion 

• Critical  path  is  engine  test  facility 


Roi^well  tmerrmUoMul 
nackoldint  ntliiwi 


Wcsintgliwitc  IDcctHc  Caijwitlitii 


Technology  Assessment  Results 


The  assessment  of  key  technologies  led  to  the  conclusions  that  (1)  existing  technology  in  reactors  and  engine 
systems  is  applicable  to  most  design  areas,  (2)  there  are  issues  requiring  attention  early  in  the  program  to  assure 
satisfactory  resolution,  and  13)  the  assured  early  availability  of  an  engine/reactor  test  facility  Is  critical  to  meet, 
successfuiiy  meet  the  10-year  engine  qualificatlofi  goal. 
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NTR  Slreamline  Developmcnl  Logic 
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NTR  Streamline  Development  Logic 


A development  logic  diagram  can  Include  many  layers  of  detail  and  be  organized  In  many  different  ways.  This 
high-level  diagram  shows  many  necessary  tasks  In  setting  requirements,  recapturing  technology,  resolution  of  key 
design  issues,  facility  design,  construction,  and  activation,  and  testing  of  components  and  systems.  The  most 
Important  message  is  that  the  program  must  start  with  well-defined  requirements  and  design  criteria,  and  that  the 
availability  of  key  test  facilities  will  drive  the  rate  of  achievement  of  the  10-year  goals.  Near-term  activities  of 
conceptual  design,  technology  recovery,  and  resolution  of  design  issues  will  provide  a sound  basis  for  proceeding 
quickly  as  substantial  funding  becomes  available. 
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NTR  Sfreamline  Development  Plan  Summary 


Fiscal  Year 

■93 

•94 

'*4 

■96 

w 
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Establish  Safely  and 
Performance  Requirements 

Generate  Design  Criteria 
Recapture  Technology 
Engine  Conceptual  Design 
Resolve  Design  Issues 
Design 

Design  and  Safety  Review 

Component  Fabrication  and 
Testing 

Engine  and  Fuet  Test  Facilities 
Design  and  Activation 

Design  Verification  Testing 
Qualification  Testing 

c 
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! 

J ^ 
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..j 

....1 
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FlochMdil  fmernDUoitol 

R»«k*Wrn» 


K{ceu(a  CoipoiMfwi 


NTR  Streamline  Deveiopment  Plan  Summary 


the  tlma-phasing  of  key  groups  of  aciMHos  from  the  xfevolopmoht  foofn  dloQrani  allows  that  several  tasks  should 
be  emphasized  at  the  start:  setting  repuirementSi  technology  recapture,  and  establishing  design  criteria.  Test 
facility  design,  cortstfuction  and  activation  mUst  aiso  begin  promptly  to  assure  (het  the  lO-year  schedule  can  be 
met. 
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REACTOR  CONCEPT  DEVELOPMENT 


2963  I 


• NERVA  Derivative  Reactor  Concept 
Design 

• NTR  Nuclear  Parameter  Study 

• Analysis  of  Reactor  for  SOK/lbf  Engine 

• Assessment  of  Fuel  Technology 

• Assessment  of  Nuclear  Safety  Issues 

• Summary  and  Conclusions 


Wc«ingkfiiit«  Ilieetfic 


Development  of  a nuclear  thmmaf  rocket  design  concept  for  Fast  Track  studies  Is  based  on  the  NERVA/Rover  techn<rfogy 
database.  Design  analyses  to  provide  NTR  designs  to  meet  program  requirements  are  developed  with  current  design 
methodologies  benchmarked  to  NERVA/Rover  technology.  The  NERVA  derivative  reactor  concept  design  is  based  on 
NERVA  R-1  reactor  design  with  design  features  upgraded  to  Include  the  demonstrated  capabilities  of  ttto  NERVA/Rover 
program.  A historical  summary  of  the  completed  tests  of  the  NERVA/Rover  program  and  the  NTR  performance 
demonstrated  by  test  results  are  summarized  in  the  fottowing  pages. 

Based  on  a set  of  NASA  directives,  parametric  analyses  of  the  size  and  performance  characteristios  of  NTR  reactors  which 
provide  performance  consistent  with  25K,  5QK,  and  75K  ib,  engines  was  completed.  Later  discussions  show  the  results  of 
more  detailed  studies  on  the  reactor  design  for  the  50K  lb,  engine. 

Based  on  a review  of  tite  NERVA/Rover  technology  database,  a curretit  assessment  of  the  fuel  technology  and  nuclear 
safety  issues  lor  the  application  of  the  NERVA  derivative  reactor  in  the  NTR  program  is  discussed. 

Jn  surnmary,  the  lessons  learned  during  the  conduct  of  the  work  tasks  are  discussed. 
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NERV A/Rover  REACTOR  SYSTEM  TEST  SEQUENCE 


The  fast  track  engine  draws  upon  the  existing  1.4  billion  dollar  technology 
base  developed  by  Los  Alamos  National  Laboratory  and  Westinghouse 
during  the  NERVA/Rover  Nuclear  Rocket  Engine  Program. 
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Rockwelt  htnnaHon^ 
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Wc«w|^Me  EleciticCu^ttiiiim 


The  extent  of  the  NERVA/Rover  technology  Is  demonstrated  by  the  number  of  reactor  and  engine  tests  completed  over  the 
1959-1972  time  frame.  The  reactor  tests  completed  In  the  KIWl/PHOEBUS/PEEWEE  series  demonstrated  tlie  wide  range 
In  reactor  size  and  power  capability  provided  by  the  technology.  The  NERV  A test  series  culminating  In  the  NRX-A6  and 
XE-PrIme  tests  demonstrated  IHetlme  and  performance  capabilities  of  the  NERVA/Rover-based  NTR’s.  The  NERVA 
program  successfully  completed  the  preliminary  design  of  the  R-1  reactor  design  and  the  Fast  Track  reactor  designs 
developed  in  the  current  work  tasks  are  derived  from  the  extensive  technology  database  of  the  NERVA/Rover  programs. 
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NP-TIM-92 


Demonstrated  Technology 

Rover/NERVA  Test  History 


The  demonstraled  capabilfUas  of  NERVA/Rover  based  NTR’s  is  summarized  in  the  following  table.  The  performance  levels 
reached  In  each  of  the  key  tests  compleled  as  shown.  As  shown,  the  NERVA/Rover  teclinology  provides  reactor 
performance  capabilities  similar  to  the  requirements  of  the  Fast  Track  program  and  later  discussions  show  the  capability 
of  NERVA/Rover  based  design  concepts  to  meet  the  Fast  Track  program  needs. 
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NERVA  Derivative  Reactor  Concept  Deiign 
for  SDK  Ibf  Thruat  Engine 


• Sdlii  miidils 


nockvtjNEil  Inf  ernatkilljEll 
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NP-TIM-92 


The  50K  Ib^  engine  reactor  layout  Is  based  on  the  R-1  NERVA  flight  reactor  design.  The  R-1  auccessfulty  completed  an  Air 
Force  Preliminary  Design  Review  before  the  termination  of  the  NERVA  project  In  1972.  The  key  dimensions  of  the  reactor 
lor  the  50  k Ibf  engine  are  shown.  These  were  established  based  on  the  required  engine  thrust  (core  sfea),  and  the 
neutronlc  requirements  (reflector  and  shield). 
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ORIGSS^L  PAGE  IS 
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a^toirriAL  PAOE  fs 
OF  TOOR  QUAUTY 


NTR  Nuclear  Parameter  Study 


• Neutronics  Model 

• 25K  Ibf  Engine  Results 

• 50K  Ibf  Engine  Results 

• 75K  Ibf  Engine  Results 

• Heterogeneity  Evaluation 


Rochwell  Internation  ot 

R IK  k • Id  I n > pl«i  (ton 


Studios  of  the  neutronics  dosjgn  of  tho  NTR  were  basoU  on  IJuee  limonsional  models  derivod  Irom  tho  NERVA  dosiqn. 
The  methodology  selected  lor  :ise  in  the  parametric  analyses  was  the  MCNP  Monte  Carlo  radiation  transport  method. 
Model  parameters  of  the  reactor  system  were  derived  from  tfio  R-Z  model  information  of  the  NERVA  R-1  reactor  system 
An  automated  model  generation  technique  was  used  to  define  reactor  system  models  for  parametric  analyses  to  size  and 
predict  performance  characteristics  for  the  various  sizes  of  the  MTR  system.  An  R -2  annular  ring  model  of  the  NTR  core 
configuralton  was  used  in  paramelric  analyses  in  a similar  manner  to  tf^  rtKidels  in  the  NERVA  database.  Three 
dimensional  model  details  were  limited  to  the  reflector  control  drums  and  u.sed  the  geometric  modelling  capabsiity  of  the 
MCNP  method.  The  automated  modelling  lecfinique  and  MCNP  (Version  3B)  were  used  to  define  the  core  and  reflector 
sizes,  fuel  loading  profiles,  reactivity  worths,  and  control  drum  worths  and  span  for  three  NTR  engine  sizes;  25.  50.  and  75 
Klbf  thrust  levels.  In  addition,  a limited  study  of  the  impact  of  fielerogeneous  versus  homogeneous  modelling  of  the 
prismatic  fuel  elements  ano  he-tobes  wiliitn  the  NTR  core  was  performed  on  a unit  cell  basis 
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Study  ^uldtlints 


• NiRVA  (Prfsnrratie)  Fuel  Elements 
52"  Long 
0.753"  Hex 
19  doolant  Channels 
600  mg/cm^  Maximum  Fuel  Loading 


# 2rHx  Moderated  Tie-Tube 
SNRC  (PeeWee)  Maximum  ZrHx 

2:1,  3:1,  6:1  Fuel  Element  Id  Tie-Tube  Ratiod 

# Performance 
1.18  Mw/element 

2550K  Chamber  Temperature  (Point  Design) 
764  psia  Chamber  Pressure 


0B 


Rockwell  International 

Rock*)<ivn»OI*tik)n 


Study  Guidelines/Assumptions 


• Reactor  Sizes  25K,  50K  and  75K  Ibf  Thrust  ingines 

• Critical  Drum  Angle  of  80” 

• NERVA/R-1  Reactor  Design  Configuration 

• R-Z  Geometry  with  Explicit  Control  Drums 

• Neutronics  Calculations:  MCNP-3B 


m 


Rockwell  International 

Rock  DIvlilon 
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Wromrknute  PIrrtm  ('omoMtnui 

Ni*- riM-92 


Technology  Base 


Design  Features 

Reactors 

NERVA 

PeeWee 

25K 

50K 

75K 

Xe-Prime 

A-6 

R-1 

Tie-Tubes 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Ratio,  Fe/TT 

6:1 

3:1 

3:1 

6:1 

6:1 

ZrH  Loading  (Relative) 

0.0 

1.0 

1.0 

1.0 

0.4 

Power,  Mwt 

512 

1024 

1536 

Core  Diameter,  In. 

35.0 

18.8 

25.2 

J0.7 

Power  Density,  MW/FE 

0.67 

0.67 

0.75 

1.18  ” 

1.18 

1.18 

1^18 

Internal  Shield 

aT  - 

A1 

BATH 

- 

BATH 

BATH 

BATH 

Fuel  Type 

Graphite 

Graphite 

Composite 

Graphite 

* 

* : 

* 

1 *Not  Determined 

flockweii  inlerimtloitnl 
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Neutronics  Model 


The  neutronics  model  for  the  NTR  system  was  derived  from  modelling  intoonation  in  the  NERVA  database  and  is  sjiown 
as  an  olevallon  view  to  Illustrate  Ute  rnodelllng  delall  of  MCNP  models.  I ho  MCNP  arralyses  used  the  t:NDl70  V tuicleai 
data  library  and  were  performed  in  the  coupled  neutron  and  photon  solution  mode  to  predict  region  power  and  required  fuel 
loading  to  meet  target  objectives  tor  key  neutrorrics  parameters.  An  actuat  NERVA  system  design  configuration  drawing 
is  depicted  to  illustrate  the  modelling  approach  used. 
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MCNP  Model  for  25  KIbf  Thrust  Reactor 


1 K«y  Parami^ers 



25K 

1 FMiicih/e  Coio  Ulamatar  (in ) 

raso 

r Sufipotf  natio 

3:1 

Core  1 engitr  (In } 

52  UO 

1 rrcflociut  1 1 licki  less  (k >.] 

a.Q0 

1 No  (>l  Omms 

a 

1 Peak  FiifiM  oactoig  1 

600 

1 ZrH  Loatiwig  w.i.1.  SNflE 

t.o 

/ 


Tho  MCNP  model  for  the  25  KIbt  NTfl  engine  and  the  predictod  key  v>afaim?tors  am  shown  in  the  table  on  tl to  right.  Tho 
design  bases  selected  tor  tho  small  N1 R engine  size  were  derived  Iro  u PEEWEE  engine  design  information  with  a fuel-to- 
support  tie  tube  ratio  of  3: 1 , a 52  Inch  Wgh  active  core,  and  9 coiitioi  drums  of  a fixed  diameter  located  a the  outer  periplTery 
of  the  Be  retiec^rK  region  The  peak  fuel  element  uranium  loading  was  limited  to  600  milHgrams/crn^  and  a maximum  ZrH 
loading  in  the  tie-tubes.  An  iterative  process  based  on  MCNP  was  used  to  size  the  reactor  core  and  predict  the  fuel  loading 
profile  to  meet  the  target  objectives  of  an  excess  reactivity  of  0.05  and  a flat  radial  power  distribution. 
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25  KJbf  Thrust  Engine 
Core  Riel  Loading  & Power  Distribution 


1.2 
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0.8 
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P/f’(,'ivo.)  I lonclifig/60(}  mg/cc  ^ 


0 0-1 


RocKweii  (nternetlonBl 

Ror  h OI.4«le« 


0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9 

Radius  Squared  / Rmax  '^2 


A normalized  fuel  loading  profile  predicted  for  the  25  Kibf  NTR  engine  is  shown  as  a function  of  normalized  area  parameter, 
R*.  The  normalized  radial  power  distribution  as  predicted  irr  the  final  iteratiot  of  the  analysis  Is  shown  to  illustrate 
convergence  to  the  targe!  objective  of  a flat  or  uniform  power  proIHe  The  MCh  ’ tally  method  provides  the  cell  or  ring 
average  value  and  more  detailed  tallying  techniques  would  bo  required  to  prodici  the  variation  within  each  fuel  annulirs. 
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MCNP  Model  for  50  LIbf  Thrust  Reactor 


Key  Paiametera 

5(W 

Elfeclive  Core  Dianutfer 

JK.t8 

r u^;Suf^xNl  naiio 

6:1 

Cnic  Lefiglii  (ftt.) 

S2.G0  1 

noflnctor  Ir^ttoss  pii.) 

5.10  1 

1 No.  ol  On»m 

12  1 

1 I’oiiit  fttol  Lt»vijng 

GOO  1 

1 2fH  Loatling  w.f-t  SURE 

1.0  j 

Rockwvfilntornatlonal 

ltackaldrit«D*««XM 


Wettio^outc  Rfetttic  Coixmlton 


Predicted  neulronlcs  paramelars  for  a 50  KIbf  NTR  engine  are  shown  In  the  laWo.  Key  differences  In  the  design  bases 
selected  for  this  size  of  engine  were  a fueMo-support  tie-tube  ratio  of  6:1  and  reflector  thickness  and  number  of  control 
drums.  The  effective  core  diameter  required  to  meet  target  objectives  Is  25.18  inches. 
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NTP:  System  Concepts 


Normafizecf  ¥atue 


50  KIbf  Thrust  Engine 
Core  Fuel  Loading  & Power  Distribution 


Radius  Squared  / Rmax  ^ 2 


Thd  f^rmaii^ed  fuel  ioadltig  profits  pfodicted  for  tho  50  Kfbf  NtR  engine  is  shown  as  a function  of  normaiized  area 
paramotor*  B*.  As  shown,  the  fuel  toading  profile  differs  from  the  25  KIbf  engine  data  due  to  the  larger  size  and  the  change 
to  a 5tj  fuel:$iipport  tie-tube  ratio.  The  lower  fuel  loading  required  in  the  center  of  the  core  Is  related  to  the  chartge  in  me 
moderation  of  the  core  and  the  increase  in  median  fission  energy  and  the  effect  of  radial  leakage. 
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MCNP  Model  for  75  KIbf  Thrust  Reactor 


1 Key  P«fMneter« 

7SK 

1 EffecHvc  Care  Otesnalef  On.) 

30.66 

1 Fud:S^;)port  Ratto 

6:1 

1 Core  length  On.) 

52.00 

Rellecttjf  Ttiidaiess  ^v) 

4.785 

No.  o!  Drums 

IB 

Peak  Piicl  Lxiadtitg 

600 

Zrl  t toscftig  w.rJi.  SNf^  ' 

0.4 

Wnthi|houM  r^tecine  Cor|ra««lin(i 


Predicted  neutronics  parameters  for  a 75  Kllsf  NTR  engine  are  shown  ir>  the  table  on  the  right.  The  75  KIbf  engine  size  Is 
similar  to  the  NRX-A6  or  R-1  size  and  Uw  predicted  parameters  are  comparable  to  the  NERVA  data.  Key  differences  In 
the  design  bases  seiected  for  this  size  of  engine  were  a decrease  in  the  ZrH  loading  In  the  support  tie-tubes  of  0.4  with 
respect  to  the  SNRE  loading.  The  reflector  thickness  and  number  of  control  drums  for  the  75K  engine  are  the  R1 
dimensions.  The  effective  core  diameter  required  to  meet  target  objectives  is  30.66  Inches  which  fs  similar  to  the  NERVA 
design. . 


NPTIM-92 


91 


NTP;  System  Concepts 


Normalized  Value 


The  narmeltead  fuel  loading  profile  predfeted  lor  the  75  ¥M  HTR  engine  Is  sNwn  as  a function  of  normalized  area 
parameter*  R*.  As  shown,  the  fuel  ioadir^  profile  Is  similar  to  the  50K  engine  data  and  Is  TOmparaWe  to  NERVA  loading 
profile. 
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NP-TIM-92 


1 

Reactor  Size,  Klbf  | 

1 Parameter 

25K 

50K 

75K 

iThrusMlb) 

25,000 

50,000 

7^000 

| Fuel:  Support  Ratio 

3:1 

on 

6:1 

Ipower  <MV\0 

512 

1024 

1536 

|Flow(lb/sec) 

28J2 

5641 

84.5 

1 Core  Diameter  0n) 

18.8 

25.2 

30.7 

ZrH  Loading  (Relative) 

^J0 

1.0 

0.4 

Reflector  Thickness  (in)  j 

8.0 

5.1 

4.8 

Pressure  Vessel  OD  (in) 

38.8 

41.9 

47.7 

Reactor  Mass  w/o  Shield  (ib) 

5180 

6250 

8040 

Reactor  Mass  w/Shield  (lb) 

— - - - — ^ — - 

6590 

8080 

10480 

Rockwell  (ntcHnatUHtei 


A summary  of  the  results  of  the  preliminary  sizing  of  NTR  engines  In  the  25Klbf-to-75Klbt  size  range  is  shown  tn  the  table. 
The  design  bases  used  In  the  parametric  analyses  are  listed  on  the  left.  The  prismatic  fuel  element  length  of  52  inches 
was  adapted  from  NERVA  and  fuel  performance  limits  defined  based  on  the  PEEWEE  data.  The  predicted  masses  for  the 
reactor  system  without  and  without  shielding  illustrate  the  effect  of  engine  size  on  the  engine  performance  characlerlstlcs 
and  sizes.  The  use  of  ZrH  in  the  75K  engine  size  differs  from  the  NERVA  design  and  the  impact  on  a reduced  reactor  size 
and  mass  is  shown.  The  sWeld  masses  included  in  the  summary  table  are  based  on  the  same  thickness  of  shield  with  the 
mass  differences  only  showing  the  change  In  shield  diameter. 
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NTP:  System  Concepts 


Heterogeneity  Analysis 


Unit  Cell  6:1  Arrangement 


RodtweH  IntornaHonal 

flechaMt«»  M«Mm 


Wcitin^KKiM  lUectric  C«pwa«ion 


A ilmitdd  study  of  the  homogeneous  regbn  modelling  technique  for  the  prismatic  fuel  element  core  lattice  with  ZrH 
moderated  support  tle-tubes  was  carried  out  using  the  MCNP  method.  A unit  cell  model  of  a 6:1  fuel-to-support  tie-tube 
configuration  incluctes  an  annular  model  of  the  ZrH  moderated  tie-lube  and  the  19  coolant  hole  prismatic  fuel  element.  A 
series  of  unit  cell  MCNP  calculations  were  run  to  pretfici  the  effect  of  Ihe  ZrH  tie-tube  on  local  power  dIstrlbuUons  and  to 
predict  material  or  material  interchange  reactivity  worths  on  a unit  cell  basis. 
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NP-llM-92 


Effect  of  Modelling  on  Element 
Power  Distribution 


Eff€ct  of  Modelllfig  Appcoxlmaftons 
on  Element  Power  DIstrtfautlon 


Effect  of  Maierlfli  Changes  on  Element 
Power  OisMbutlon 


VF(7riH|-l:0 


“♦~  VF(ZfH)-0  5 -^VTtZrtO-Oe 


-A-  TT  M2®6fH< 


Rod(w«lf  intemeMonsi 

IMkMArMbMaHMi 


Vl^iitw^KWie  niearic  (.'wptwiHHiii 


Comparisons  of  the  effect  of  heterogeneous  versus  homogeneous  modelling  on  the  power  distribution  In  the  prismatic  fuel 
asserrA3ty  Is  ^own  In  the  left  rigure.  The  homoQeneous  model  In  a unit  cell  derived  by  volume  w^hting  of  the 
prismatic  ftrel  element,  tie-tube  materials,  and  hydrogen  coolant  of  the  tie-tube  arvd  fuel  element.  The  comparison  shows 
a peak  to  avwage  focal  channel  power  of  9-10%  lor  the  explicit  model  of  the  unit  cell.  The  smear  modellirtg  of  each  fuel 
element  or  tls-tvrf>e  provides  similar  peak-to-average  values.  Sliown  In  the  right  figure  la  Vtte  effect  of  a decrease  In  ZtH 
volume  fraction  or  the  Introduction  of  cold  (50K)  hydrogen  In  the  upward  pass  of  the  tie-tube.  The  maximum  effetS  on  local 
power  occurs  when  the  ZrH  tie-tube  is  flooded  with  coolant  at  50K. 
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ANALYSES  OF  50K  ENGINE  DESIGN  CONCEPT 

"" 1 .■  1 1 n . iiiii  I 1 j,^^y 


Rockwell  Internatlonel 

IkKkMdrn*  civilian 


• Reactivity  Coefficients 

i Component  NMcleer  Heating  Rates 

• Reactor  Radiation  Fields 
r Shielded  (R-1) 

- Unshielded 
V Redpced  Shield 

f Material  Teimperature  Mmit  Assessment 
f Tie-Tphe  Thermal  Analysis 


WctitnihtMiif  f Untie  Coi|>orati<in 


NeulronIcs  analyses  of  the  NTR  50K  engine  configuration  defined  earlier  were  expanded  to  provide  more  detailed  core 
performance  data.  The  limited  analyses  were  performed  with  a more  delaifed  MONP  model  to  predict  Ihp  design  dele  for 
key  design  parameters  as  iisted  on  the  facing  page.  Iricluded  in  tlie  more  detailed  anetyises  yj^s\  1)  the  prediction  of 
reflector  control  drum  worths  and  span,  and  2)  reactivity  change  duo  to  water  immersion  of  tlie  nuclear  system  In  addiffon. 
componont  nuclear  heating  rates  and  radiation  fields  external  to  the  reactor  system  are  predicted  and  sliowrr  In  t^tdr  pages. 

In  additirm,  evaluations  of  the  component  temperature  limits  needed  for  reslartahility  studies  and  analyis  of  tie-lube  thermal 
perfornunce  are  shown  in  later  pages. 
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50  Klbf  Thrust  Engine 
Control  Drum  Reactivity 


The  predicted  reflector  control  drum  reactivity  relative  to  the  critical  condition  Is  shown  on  the  facing  page.  The  results  of 
the  Individual  MCNP  calculations  with  the  expHcft  modeling  of  the  control  drums  In  MCNP  method  provide  results  In 
agreement  with  HERVA  predictions  and  Htustrate  the  drum  span  avaliabie  for  control  and  shutdown  of  the  SOK  engine. 
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Reactivity  Ooetficiente 


CaM:  50  Kib,  Thrust  Engine 


eAftAMEieR  CHi^GE 

REAGTIVITV  CHANGED  | 

Drum  Worth  (®  80“) 

7.3#/^  Rotation 
38.9C/% 

Core  VUIume 

Euel  Loading 

15.60/% 

ZrH  Loading 

lS.20/% 

Reflector  Thickness 

18.70/% 

18  Drums  (7.34$  span  vs.  5^83$  for 
12  Drums) 

42.1 

Rockw^  Inlern^Uonal 


Weiitn|b«MiM  RfeibiMe 


The  prddIctM  reacllvHy  cootftclents  or  worths  for  key  doslgn  parameters  are  listed  dn  the  facing  table.  The  predicted  drum 
worth  Is  based  on  the  80  degree  pdstlon.  the  value  of  7.3  cents/depree  Is  In  close  agreement  #lth  the  t^ERVA  predicted 
valde.  Reactivity  coefficients  for  changes  In  the  reSctor  corifiguratfon^  fitel  foddihg.  trU  loading  In  the  tIe-tubeS,  arfd  rellectof 
thicknieas  provide  data  for  evaluating  design  configuration  clianges.  The  largest  vafue  Is  the  c6fe  Volurfie  (foefficlent  which 
is  attffouled  to  the  change  In  neutron  leakage  from  the  core.  Shown  also  IS  the  effect  pf  changing  the  hutnber  of  reflSctbr 
cohtro!  dfUitis  from  12  to  18  drums. 
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Keff  of  Immersed  Reactor 


1.6 

1.5 

1.4 

1.3 

1.2 

1.1 

1 

0.9 

0.8 


Reactivity  of  Immersed  50K  NDR 


0 0.5  1 1.5  2 2.5  3 3.5  4 4.5^5 


Boekwetf  tfitefiwikMiid 

IhKiiMiilmiitMMvXm 


Volume  Percent  of  Boron  Material  In  Coolant  Channels 


Predictions  of  the  effect  of  water  Immersion  of  the  entire  reactor  system  wad  modeiled  in  MCNP  by  replaclr^  the  H2  coolant 
modelled  in  each  region  with  water  and  surrounding  the  entire  system  with  water.  The  reflector  control  drums  were  parked 
and  a boron-containing  material  was  substituted  for  a fraction  of  the  fuel  element  coolant  channel  volume.  The  reactivity 
change  from  the  base  case  Is  shown  as  a function  of  the  volume  percent  of  coolant  channel  displaced  by  the  boron- 
containing  material.  A value  of  five  (5)  percent  by  volume  of  the  coolant  (^annel  is  a 62  mil  boron  wire  in  7 out  of  19 
coolant  channels  in  each  prismatic  fuel  element  of  the  core.  The  reactivity  insertion  provided  by  the  5%  by  volume  of  boron 
wires  is  approximately  -74$  with  the  water  immersion  of  the  system  resutttng  in  a 4^50$  reactivity  Insertion. 
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Kn*:  System  Qjacepts 


COMPONENT  HEATING  IN  50K  REACTOR 


COMPONENT 

Power,  Mw 

PERCENT  OF  TOTAL 

— — - — ^ — - 

Core  Fuel  and  Supports 

1000 

97.66 

Cora  Periphery  (FHier  & SeaSs) 

«D 

0.65 

Cere  Barrel  Strueture 

2.4 

0.24 

Heflector  & Control  Drums 

1M 

1.12 

Core  Support  Plate  & Hardware 

1.4 

0.13 

1 BATH  Shield 

0.7 

0.07  _ 

1 Balance  ol  Beactor 

1.4 

0,13 

IJolal 

1024 

Bodiweil  iRternaHonal 

ttncktHlyn*  ONltlon 


A summary  of  the  nuclear  heating  of  the  major  components  of  the  50K  engine  Is  shown  on  the  facing  page.  The  MCNP 
cell  tally  method  was  us«t  to  predict  the  comfMjnent  healing  rales. 
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REACTOR  RADIATION  FIELD 
TALLIES  IN  MCNP-3B  CALCULATIONS 

(Type  and  Units) 


Rockw^l  Internatfonai 


Radiation  Field  Type 

Energy  Bln 

Unite 

Healbig  Rate  in  Hydrogen 

W/kg 

Heating  Rate  In  CaitKm 
1 Heating  Rate  In  Stainless  Steel 

W/hg 

W/kg 

1 Neutron  Flux 

n/cm**sec 

1 Neutron  Flux,  1 MeV  Equivalent  In  Si 

n/cm’>sec 

1 Neutron  Fast  Flux 

>1  MeV 

n/cm*-aec 

Neutron  Intermediate  Flux 

0.1  MeV  - 1.0  MeV 

n/cm’-sec 

Neutron  Epithermal  Flux 

0.4eV  • 0.1  MeV 

n/cm*-sec 

Neutron  Thermal  Flux 

< 0.4eV 

n/em^-sec 

Neutron  Dose  Rate  In  Hydrogen 

Rad/hr 

Neuteon  Dose  Rate  In  Carbon  ^ 

1 

Rad/hr 

Neutron  Dose  Rate  In  Stalnlesa  Steal 

Rad^r 

Gamma  Dose  Rate  In  Hydrogen 

Rad/hr 

Gamma  Dose  Rate  In  Cadjon 

Rad/hr 

Gamma  Dose  Rate  In  Stainless  Steel 

Rad/hr 

Gamma  Dose  Rate  In  Silicon 

Rad/hr 

WetibithoMfe  FJ^ricrmpoMtim 


The  prediction  of  the  radiation  environment  externat  to  the  50K  engine  were  performed  using  the  MCNP  cell  tally  methods. 
Throe  engine  models  were  analyzed;  1)  the  conceptual  design  steed  using  MCNP  In  the  neutronics  design  tasks  described 
earlier.  2)  all  Interned  shield  materials  removed,  and  3)  a modified  design  with  a reduced  mass  of  internal  shielding.  Each 
of  these  models  only  Include  the  reactor  system  and  the  engine  components  external  to  the  reactor  vessel,  e.g.,  tanks, 
piping,  nozzle,  are  not  Included  in  the  model.  The  engine  components  externat  to  the  reactor  vessel  can  contribute  to  the 
environment  within  the  internal  shield  shadow  cone  and  should  be  Included  In  future  studies.  The  MCNP  modelling  used 
a series  of  annular  ring  cells  imposed  external  to  the  MCNP  R-Z  model  of  the  NTH  reactor  system  for  purposes  of  tallying 
toe  desired  radiatton  environments.  The  facing  page  summarizes  the  type  of  radiation  field  tallies  used  in  MCNP  and  either 
toe  neutron  energy  range  of  the  neutron  flux  tally  or  the  units  of  heating  or  neutron  or  gamma  dose  rates. 
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RADIATION  FIELDS  FOR  A 50K  SHIELDED 

REACTOR 

50K  Sliielded,  Log  Gamma  Rad(C)/l!r 


50K  Shielded,  U)g  Tola!  UcaUiig  Uaie  W/kg  C 


aockw^intetiwlhirt^  Z((jn) 

A otAaldyn*  OMtiM 


50K  Slilelded,  Log  Past  Neutron  Flux  n/cin2-scc 


• standard  R-1  Shield 

• 12.3”  Thick  Bath  Shield 

• 1.3”  Thick  Lead  Shield 


WettinghiMiw  lUertiic 


The  radlalton  eitt^ronmem  of  original  50K  engine  design  Is  shown  on  the  next  two  fecir^  pages  for  three  key  laities. 
The  first  50K  migine  design  used  for  thte  anatysis  Included  the  standard  NEflVA  B-1  internal  shield  connguration  12.3 
inches  (3t  .25  cm)  of  BATH  shl^  material  and  1 .3  Inches  <3.3  cm)  of  lead  <Pb)  shielding.  Hie  second  page  Is  for  an  engine 
design  with  the  Internal  shields  removed.  The  predicted  radiation  environments  for  the  shielded  came  are  lower  than  the 
design  requirements. 
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R(cml 


RADIATION  FIELDS  FOR  A 50K 
UNSHIELDED  REACTOR 

Log  Past  Neiili  Oil  Flux  n/cni2-scc 
3W) 

200 
h ^50 
100 
frfl 
0 

100  200  301)  Am  *')00  GOO  HOf)  G(K) 


Log  Gairima  Ra(J(C)/lir 


Z(cm) 


Z(cm) 


i^g  Total  Heating  Rate  w/kg  c Z^fo  Added  Shielding 
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Field  i::Hterii*  liiri  stiieid  iheta  idfie) 


Gaitfina  Dda# 

Fill  NaUtrdfi  Flux 
intarifieiiiate  ffeuti-dd  Fiu^ 
thdridal  llitilrdri  Flux 


< 1;8  ^ 18^|^ed{G)/hr 

< i8  X 18’*  filcitem 
^ 18  X id!^ 

4;  8.6  X 


-sec 


Neducid  ihiiid  GaneeFl: 

^ iiirtiidifis  Laid  Gatdtfii  §6ieid 
£ Fieduces  iAtN  fhidkdied  f^ddi  ii  1' 


6’* 


R^tliid  iKtild  Fildrmidie  ~ 666  ib: 

Shield 

- 666  ib  Masb  ydfsbi  IfiH  f 

- Meeid  Abbve  dritedi  (lieiigd  iMiii'iid  > iJ) 


it# 


^ F#  riASil  difidtive 


F^liwaM  inlwnattofiai 


Wcrrinihoiuc  Klecirie  Cot^nrim 


Bsissid  on  tfid  design  requIfeMnts  im^wsed  dri  the  shield  design  of  (he  Wtr  ehgihi,  a reduced  idfemstf  shield  with 
rfihe  Inches  of  6A1>(  shield  material  add  ho  Idad  (P^  shielding  wds  rhodelldd  and  thi  (dsdiuh^  drvvirdhdierfls 


for  the  I^R  engine.  Thd  reduCdd  shielding  cohd 
cdhd  df  th6f  Ihtefnai  eh^  thef 

dduhds.. 


The  feclr®  jwiQd  Iist6  (hi  radiation  f^sld  rfes^h  iecidlfifintd  dpedlfieai 


T rrieets  design  reqdlremehts  with  d design  rtidrgm  in  the  Ihdhb^ 
li  cheiige  rdstMs  Iri  e redddbf)  Ih  shield  m6fes  o/  ahp«>)<irha^  dcto 
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OiJGSi^L  PAOE  m 
OF  FOOR  QUALITY 


R(Cfn) ' R(cm)  - 


RADIATION  FIELD  COMPARISON  TO 
CRITERIA  FOR  50K  WITH 
REDUCED  INTERNAL  SHIELD 

Ratio  Gamma  Rad/Allowable  Ratio  Fast  ii  Flux/Allowable 


Shield  Size  by  Allowable  Field 
9.0"  Thick  Bath,  No  Lead 


Meets  Criteria  by  a Factor  of  2 
Saves  900  lb.  in  Engine  Weight 


WtMiitghnHK  F^cffkCorpontiNw 


The  contour  ptols  on  the  facing  page  provide  data  on  the  performance  of  the  modified  shield  configuration  tor  the  50K 
engine  relative  to  the  design  requirements.  The  contour  data  is  the  ratio  of  the  predicted  radiation  environment  level  to  the 
design  requirement  discussed  betore.  As  shown  by  the  data,  the  reduced  shield  configuration  meets  the  design 
requirements  within  the  shadow  cone  of  the  Internal  shield.  The  design  margin  In  the  shadow  cone  is  a factor  of  2 or 
greater  in  the  shadow  cone.  As  discussed  before  the  mass  savings  of  the  reduced  Internal  shield  design  Is  900  pounds. 
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MATERIAL  TEMPERATURE  LIMITS 


REGION 

MATERIAL 

: ^ r ■ 

REUSE  TEMP  (K} 

ALTERNitTE 

MATetMML** 

mm  (K)  I 

Fuel  Efement 

Graphite 

2500 

1 

Other  Core  Materials 

ZrH, 

1000* 

No 

i-na 

900 

HD>Moly 

2000 

A-286 

9QQ 

Superafloys 

-tm 

SS-304 

750 

Superalloys 

-1400 

Reflected  Materials 

Cu-R 

1200 

Be 

1400 

No 

Vessel  Materials 

W-60ai 

400 

Ni,  Fe  Alloys 

Tl 

800 

HI,  Fe  Alloys 

Shield  Materials 

BATH 

550 

Lead 

-560 

Tungsten 

*Must  be  pressurized  with  hydrogen  (>  10  TOBR) 

**No  materials  Identified  which  provide  a capability  without  significant  mass,  performance  or 
design  penalty 
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3000 

2750 

25(K) 

2250 

2000 

1750 

1500 

1250 

1000 

750 

500 

250 

0 


0 


Temperature  Profiles  @ Elevations 
in  Tie  Tube  for  Full  Power  Conditions 


9 

1 

§ 

1 

i 

i 



e 



>1 

i 

OUTCn  Tiwt 

iNWEi*  Tune 
HODtiwroit 


INKIUITOK 


0.05  0.1  0.15  0.2  0.25  0.3  0,35  0.4 

Radius  (inches) 


Top 


Middle  x Bottom 
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The  tie  tube  aseemt^y  serves  two  purposes;  provides  the  lateral  support  for  the  fuel  elements,  and  heats  hydrogen 
propellant  used  to  drive  the  turbopump. 

The  thermal  analysis  of  tire  tie  tube  assembly  was  performed  to  establish  the  adequacy  of  the  design  in  terms  at  comporumt 
temperature  and  to  determine  the  energy  transferred  to  the  hydrogen.  The  thermal  model  used  for  the  analysis  employed 
axially  dependent  heat  generation  and  bouridary  temperature  (x>nditions,  temperature  and  How  dependent  hydrogen  heat 
transfer  coellicieftt,  and  temperature  dependent  material  properties.  The  thermal  model  will  be  used  to  perform  parametric 
steady>state  analysis,  as  well  as  transient  ancdysis  of  throttling  conditions. 

The  radial  temperature  distr^tion  at  thr^  locations  (top,  middle,  and  bottom!  of  Uva  ti^  assembly  is  shown  on  the  facing 
chart  for  full  power  conditions. 

The  temperatures  of  the  ZrH  are  orttlcal  since  it  has  the  lowest  temperature  capability  of  the  materials  used  In  the  tie  tube 
assembty.  As  shown,  ^e  maximum  calculated  temperature  for  the  conditions  used  exceed  1000  K by  a small  amount  at 
an  internal  nocte  in  the  ZrH  cylinder.  Hie  catculatod  t^at  transfOTred  to  the  tie  tube  is  0.18  MW. 

The  thermal  model  has  been  verified  against  the  smalt  engine  in  the  Nuclear  Engine  Definition  Study.  The  analysis 
demonstrates  that  the  thermal  conductivity  of  the  ZrG  insulation  is  the  largest  factor  In  achieving  the  goal  ql  0.31  MW  per 
fie  tube. 
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ASSESSMENT  OF  FUEL  TiCMNOLOOT 


DockweU  IntoimMoiial 

Mack«Mvn*0<«l*ton 


?oi;i  ? 


Review  of  P^®Vi^/(sliRVi5iJesi 
Experience 

• Evsfuate  tire  Corrosion  Rffeehanisms 
Affecting^  Poef  fferforiwsnce 

» Define  Prolilenr  Areas  Needing;  iieaf' 
Term  Solution 

• Estatolish  Near-term  Puel  Ferf ormance 
Limits 

• Compare  Near-term  Performance  to 
Fast  Track  Needs 


WeHtnshiMiM:  RienneCbipaiatMit 


An  assessment  of  the  IMtHVA/ftovof  fuel  technology  of  f972  is  iioodetfto  establisfi  expected  porformanco  parameters  for 
Ihe  Fast  Track  engine.  TIte  fiml  lif«  tor  the  Norva  graphite  type  pfismatie  fOel  element  is  determined  by  the  amount  of 
graphite  weight  loss  which  can  be  tolerated  before  tfie  neotrontc  inargln  has  been  lost,  the  weight  loss  from  the  fuel 
element  is  doe  to  the  corrosive  offer:!  of  hydrogen  on  ttie  graphite,  which  is  categorized  as  either  "mid'-band  eofrosiofi.'' 
basically  results  in  a chemirat  reactiof\  of  hydrogen  arKf  caibon  in  intimate  contact,  of  "hot  end  corfosiOn,"  carbon  diffusion 
through  a protective  coaling  on  the  graphite  surface. 

Great  strides  were  made  neai  the  ond  of  the  NEnVA/ffover  program  in  understanding  and  etiminating  the  mid-band 
corrosion,  and  it  is  a basic  promise  fliat  this  corrosion  meciranisiti  bfi  suppressed  irr  order  to  support  the  needs  of  the  Fast 
Track  program. 

Based  on  the  roactor/engine  testing  program,  and  the  non-nucloar  corrosion  testing  of  fuel  elenrents  using  the  improved 
GEM  coatings,  the  performance  limits  of  "neaf  term"  fuel  elements  wore  established.  The  expected  fuef  element 
performance  was  then  compared  agninst  tire  i\oeds  of  the  Fast  Track  program 
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NI*  IlM  <)2 


©ifOINAl  PAOE  fS 

OF  POOR  QUALITY 


Fuel  Eleinents 


• Sustain  controlled  nuclear  heat  generation 

Pyrocarbon  coated  UC,  fuel  beads  dispersed 
through  AXM  graphite  inatrix  (630  mg/cc 
maximuni  fuel  loading 

UC^-ZrC  In  composite  with  graphite 
(700  mg/cc  maximum  fuel  loading) 

• Limit  total  reactivity  loss  to  $1.00  at  end 
of  life 

Carbide  coating  of  flow  channels 

• Promote  heal  transfer  from  fu^  element  to 
H2  propellant 

19  flow  channels  In  each  3/4  in.  HEX 
52  in.  long  fuel  element 


Rockwell  intematfonai 

nor  • Iirijrii*  fM.Uinir 


I he  NFRVA/Rover  prismatic  graptiilo  fuel  elemenl  is  0.?5  ir\ch  across  the  fiats,  and  52  inchns  long  It  contains  t9  flow 
Jioles  (approximately  0,  ^ iirnh  in  diameter).  AH  graptiife  surfacos  tiavrr  a pmtoclive  AC  or  NbC  ayer  to  protect  it  from  tim 
fiydrogen. 


liCj  luel  beads  coated  with  pyrocarbon  are  dispersed  Ifuough  tf«i  matrix  at  a maximum  fuel  loading  of  630  mg/cc.  For  tfie 
more  recent  composite  type  fuel  element  a maximum  fuel  loading  of  700  mg/cc  is  achievat^le 

Nuclear  design  of  Ihe  NFRVA  reactor  limits  the  reactivity  loss  to  approximately  1 $ at  the  end  of  fue!  life  Since  the  reactivity 
toss  Is  mostly  a result  of  loss  of  carbon  due  to  Hie  fiydrogen  corrosion,  protoclive  coalings  aio  used  U>  redif  e the  rate  uf 
carbon  loss. 
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f^uel  Element  Cpinparison 


^ ^ ^ 

JmyPROGEN  5TR€Ai4^ 

V 

NfaCaBZrC 
COAT  ! 

GRAPHITE 

SUBSTRATE 

UC-ZrC 

OlSrERSlON 

— • 
I 

i]S^3n^ 

PYBOCARBON 

CPATII^G 

-j.  — 

COATED -PARTICJLE 
MATRIX 

UG2  PARTICLE 

] 

COMPOSITE  MATRIX 

Int^sHonnl 

Rach«l<f  yn«  Oi»l«^ 


WcMini^te  f9eCtljw(!«M|KH*li<iii 


For  all  tha  NRX  raaclor  and  engine  tests,  the  graphite-type  fuel  was  used.  However,  toward  the  end  of  the  NERVA/Rover 
prc^ram  csofnposite  fuel  emerged  as  the  most  promising  candidate  In  reducing  the  hydrogen  corrosion  and  In  increasing 
the  temperature  cap^llity  of  the  prismatic  fuel  element. 

The  (jprnposHe  fuel  element  consisted  for  a dispersion  of  UC-ZrC  web  In  the  graphile  substrate.  Since  this  web  is 
continuous,  and  essentially  unaffected  by  hydrogen.  It  acts  as  a barrier  and  f«nits  ttre  carbon  loss  from  the  fu^. 
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Major  Milestones  in  Fuel  Development 


• Graphite  Fuel  Element/HED  NbC  Coating  (NRX-A2/A5) 

• Graphite  Fuel  Element/HED  NbC  + Molybdenum  Coatings  (NRX-A6/XE') 

• Graphite  Fuel  Eiement/GEM  NbC/ZrC  Coatings  (PEWEE) 

• High  CTE  Graphite  Composite  Fuel  Eiement/GEM  ZrC  Coating 
(Nuclear  Furnace -1) 

• Carbide  Fuel  Element  (Nuclear  Furnace  -1) 


Rodiw^  international 

Mpch*(drn*Oi«)««N« 


WcMMighouie  iiieciricCkMpMMiMiM 


The  standard  graphite  fuei  element  with  a HED  NbC  coating  was  used  on  NRX-2A/5A  reactor  series.  The  HED  coating 
process  resulted  In  a coating  with  a significant  number  of  cracks,  which  seemed  to  tiave  an  adverse  effect  on  the  mid-band 
oorrpsion  protocitbn.  In  order  to  inM^rove  the  mid-band  oorroabn  peHormartoe  of  thaee  eiemenifl,  a molybdenum  overcoat 
was  applied  to  the  fuel  for  NRX-A6^XE  prime  reactors. 

The  next  improvement  In  the  coating  technology  came  with  the  lower  temperature  coating  process,  GEM,  whereby  ZrC  or 
NbC  coating  could  be  applied  without  cracks  In  the  coating.  Fuel  elements  with  this  coating  process  were  run  In  Pewee, 
but  resulted  in  significant  mid-band  corrosion. 

The  fuel  elements  for  the  Nuclear  Furnace-1  (NF-1)  were  of  the  high  CTE  graphite  composite  type  with  GEM  ZrC  coating. 
whi(^  were  predicted  to  have  eliminated  the  mid-band  corrosion  based  on  non-nuclear  corrosion  testing.  Pure  (U,Zr)C  fuel 
elements  were  also  tested  in  the  nuclear  furnace.  These  were  manufactured  as  small  hexagonal  rods  with  a single  cooling 
channel  in  the  center.  The  carbide  luel  elements  were  projected  to  have  very  low  corrosion  rales  and  very  much  h^her 
temperature  capability  than  both  the  graphite  and  the  composite  fuel  elements. 
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NERVA/Rover  Fuel  Performance 


REACTOR 

FUEL  Exrr 
TEMP,  (H> 

TIME  AT  MAX 
TEMP.(mrnt 

A¥O.WEIGHT 
tC^S  PER 
ELEMENT 

TOTAL 
REACTIVITY 
LOSS  (C> 

HRX-A2 

>22m 

3.4 

0.7 

t2 

HRX-A3 

>2400 

16.5 

16.5 

58 

NRX-EST 

>2400 

28.6 

31.5 

320 

I1RX-A5 

>2400 

30.1 

27.1 

223 

NRX-A6 

>2556 

62.7 

13.2 

70  1 

1 NRX-XE; 

>2400 

tO.3 

7.3 

^ y 

1 PEWEE-1  ■ 

2750 

43 

20 

iNE-t 

2450 

too 

13.7 

I PHOEBUS  IB 

2445 

30 

13.7 

RoeW*^l  IrtetnrtJonaJ 

itockaMyovIXytolon 


WeitinibtHMC  tilfclric  r«i}XMiikw 


As  a result  of  the  Improvements  In  the  corrosion  restslanco  of  the  fuc^  (Yemenis,  the  NERVA/Rover  reactor  tests  showed 
a gradual  Increase  In  temperature  capability  and  time  at  maximum  temperature.  The  fuel  life  is  dependent  on  tlte  weight 
loss  for  the  elements,  and  the  resulting  reactivity  loss.  Based  on  a reactivity  margjn  of  J$  for  porrosion  from  the  fuet,  the 
NERVA/Rover  fuel  life  corresponds  to  a 15  to  20  g fuel  element  weight  loss. 
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Corrosion  of  Rover/NERVA  Fuel  Elements 


RockwraB  IntainaHoiwI 


The  corrosion  behavic»’  along  the  length  of  the  fuel  element  showed  h«o  different  characteristics.  From  an  axial  poslfion 
of  200mm  to  approximately  650mm  from  the  cold  arrd,  an  enhanced  corrosion  (called  the  mid-band  corrosion)  ctominated. 
The  temperature  regime  for  this  mechanism  is  1000  to  2000  K,  significantly  below  the  maximum  fuel  temperature.  In  the 
progression  of  coating  and  tuei  element  improvements,  there  seemed  to  be  negligible  Improvement  In  mid-band  corrosion 
except  for  the  demonstrated  benefit  of  the  molybdenum  overcoat.  From  approximately  650mm  to  the  hot  end  of  the  fuel 
element  (called  the  hot  end  corrosfon),  the  corrosion  rate  seemed  to  temperature  related,  and  a significant  decrease  in  the 
coffosfon  rate  was  observed  as  the  coatings  were  Improved.  Electrically  treated  fuel  element  corrosion  tests  performed  after 
the  NF-1  lesfing  demonstrated  further  improvements  la  the  hot  end  corrosion  rate,  including  a 10-hour  life  of  a fuel  element 
demonstrated  by  Westinghouse. 
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Key  Reference  Points  For  Fuel  ixptrience 


REACTOR 

TEST 

! ' ' ^ 

TEMP 
FUEL  EXIT 

(K) 

TIME  (MIN) 

CYCLES 

TOTAL 
LOSS  (G) 

MIDBANO 

(G) 

HOTEND 

(C) 

HM  * 

2444 

108.8 

4 

137 

W 

5.1 

NRX-A6 

2556 

627 

1 

12.0 

2.3 

10.5 

NRX-XE  *• 

-2450 

10.3 

28 

7.3 

0.6 

67 

* Replacement  composite  fuel  elements  with  crack  free  ZrC  coating  (OiM) 
**  Graphite  elements  with  MbO  coaling  and  molybdenum  overcoat 


nockwett  InternAHmini 

nMhftMviM  Dli^kiA 


Wetiinihooie  liltctin:  Cn^tMiinH 


The  most  successful  graphite  fuet  elements  were  those  tested  in  NHX-A6,  wtitah  were  also  used  in  NRX-XE  prime  engine 
configuration.  These  fuel  elements  utilized  the  H6D  NhO  coating  with  molybdenum  overcoat,  and  demonstrated  a significant 
reduction  In  the  mid-band  corrosion  compared  to  earlier  NRX  series  tests. 

The  alternative  fuel  element  technology  Is  the  composite,  which  was  tested  in  NF-1 . These  elements,  which  were  called 
the  "replacement  elements."  were  high  CTE  graphite  coated  with  a superior  ZrC  coating  {free  of  Initial  cracks)  applied  by 
GEM  process. 

The  weight  toss  results  for  the  A-6  and  the  XE  prime  fuels  indicate  that  the  A-S  vintage  fuel  has  a significant  sensitivity  to 
thermal  cycling.  The  NF-I  composite  fuel  elements  demonstrated  better  hot  end  corrosion  than  tiro  A-6  graphite  fuel: 
however,  a surprising  degree  of  mid-band  corrosion  was  still  present. 
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NF-1  Fuel  Damage  Explanation 


10  (to 


.22v 


Wesim^diiM  rabcincCMpwatum 


Mid'band  oorrosUm  did  not  ocoir  in  the  eiectricsti  testing  of  the  composite  fuel  elements  for  NF-1,  but  caused  the  most 
.significant  weight  loss  during  the  reactor  testing.  Mid-band  corrosion  Is  believed  to  be  a result  of  decreased  thermal 
conductivity,  possibly  caused  by  fission  fragment  damage  to  the  graphite  matrix.  The  reduced  thermai  conductivity  results 
in  h^her  thenncd  gradients  and  im:rdased  theimai  stresses,  whldi  causes  cracking  of  the  protective  coatings  and  allows 
hydrogen  to  react  with  the  graphite  substrate.  Mid-band  corrosion  must  be  fully  underetood  and  suppressed  to  meet 
performance  requirement  of  the  Fast  Trad<  program.  Use  of  a molybdenum  overcoat  on  compose  fuel  elements,  or 
Improved  fuel  particle  coating  In  the  graphite  fuel  to  trap  the  fission  fragments,  are  potential  design  solutions  to  mid-band 
corrosion. 
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Composite  Fuel  ilemefit 


Hot  End  Cdrrooion  Halo 
Bore  Surface  tem|ierature,  K 


Gdmposlto  fiiHl  eldrnont  testing  provided  a good  correlation  between  the  hot  end  corrosion  measured  In  eiectiicai  testing 
and  that  Observed  In  the  NF- 1 . Hot  end  corrosion  IS  caused  by  carbon  dHfusiOh  through  a ph^^ve  coating  and*  therefore, 
Is  Sensitive  to  the  Integrity  of  the  coating,  the  coaling  thickness,  and  the  temperature  Of  the  rmatlng  and  fuel  substrate. 
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Near  Term  Fuel  Element 


Composite 
(NF1  Technology) - 


Rockwell  IntenuitloitBi 


Graphite 
(A6  Technology) 


X 


> 


79VQ  smo  24m  2SQ0  2000  2700  2600  2800 

Fuel  OutM  Tem|:»ralure  * K 


WMilnKficHiw 


Based  on  the  assumption  that  the  mid-band  corrosion  will  be  suppressed  in  near-term  fuel  elements,  and  the  hot  end 
<XKroslon  rates  measured  In  electrical  testing  and  NF-1  testing,  performance  limits  for  near-term  composite  fuel  can  be 
calculated.  Similar  performance  data  can  also  be  generated  for  the  NRX-A6  type  graphite  fuel. 

Comparing  the  projected  near-term  graphite  fuel  performance  NRX-6A  type  with  the  composite  fuel  {NF-1  type)  shows  a 
100-120  K temperature  advantage  tor  the  composite  luel. 

The  improved  pwfomiance  of  composite  fuel  Is  attributed  to  either  the  projected  improvements  In  corrosion  due  to  the 
composite  fuel  form  or  Improved  coatings  used  for  NF-1  fuel  elements.  The  Improved  coatings  of  NF-1  fuel  elements  are 
considered  Ihe  most  Hkety  conlrtotrtor  to  Improved  fuel  performance. 
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Summaty  and  Conclusions 


• 1972  FiiSi  Tschnology  was  making  progress  toward  meeting  iife/performance  speidfications 
consistent  with  current  Fast  Track  regutrements 

- understanding  of  midband  corrosion  was  being  deveioped 

• excellent  hot  end  corrosion  prolectton  prC  on  high  CT£  graphite)  was  demonstrated 

• Coti'eslon  limit  for  fuel  elements  was  established  based  on  1 $ nramivity  loss 

for  NERVA  type  reactors,  this  translates  into  15  to  2Q  grams  corrosion  loss  per  element 

• Near  term  fuel  development  must  resolve  midband  corrosion  problem 

fission  fragment  damage  to  graphite  may  be  reduced  by  beaded  fuel  in  graphite  and 
composite  matrix 

molybdenum  overcoat  may  suppress  midband  corrosion 
improved  graphite  matrix  may  reduce  or  eliminate  problem 

• Near  term  composite  fuel  will  have  4.5  hours  life  at  2470K  to  2520K  fuel  outlet  temperature 

near  term  graphite  fuel  based  on  GEM  ZrC/high  CTE  graphite  is  expected  to  perform 
similarly  to  near  term  composite  fuel 

• Near  term  fuel  elements  are  expected  to  provide  ISP  -850  seconds 


RocHweil  InternaHonol 
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Assessment  of  Nuclear  Safety  Issues 


• Nuclear  Safety  Policy  Working  Group  (NSPWG) 
Recommendations 

• Accidental  Criticality  Sources  for  NERVA  Derivative 
Reactor  Design 

• NERVA  Safety  Approach 

• SP-100  Safety  Approach 

• NERVA  Derivative  Safety  Approach 


Rockwell  bitefnattof}^ 

fl«cMldyn«  Dl«l*ton 


WeninghdiiM!  Fkcitic 


An  assessment  of  the  nuclear  safety  issues  lor  a nudear  thermal  propulsion  system  must  be  made  based  on  the  current 
regulatory  guidelines,  and  the  recommendation  from  the  Nudear  Safety  Policy  Group  (NSPWG).  Starting  with  the  accidental 
criticality  sources  for  the  NERVA  derivative  reactor  design,  the  safety  approached  devetoped  for  the  NERVA  flight  engine 
and  toe  current  SP-100  reactor  safety  approach,  and  ftie  planned  NERVA  denyative  safely  ap^voach  will  be  discussed. 
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Assessment  of  Nuclear  Safety  Issues 

From  NSPWQ  & NP002  Safety  Recommendations 

m No  Inadyertent  reactor  startup 

Zero  power  testing  on  ground 
Startup  after  achieving  planned  orbit 

• No  Inadvertent  critlci^Uy 

Subcritical  under  all  credible  accident  condUions 
« Highly  reliable  contrcH  system 

• No  significant  radiologiicai  release  or  exposure 

Chiiy  zero  power  testing  prior  to  achietdng  planned  orbit 
29CFR1910.96  dose  limits  to  flight  crew 
Insignificant  impact  to  population  of  Earth 
Insignificant  impact  on  Earth  and  space  environment 
Spacecraft  not  rend^ed  unusable  when  crew  survives  accldt^ 

Radiological  release  not  impair  use  of  spacecraft 


Sockweli  Intometlonal 


WfitwiihoMfe 


Assessment  of  Nuclear  Safety  Issues 

NSPWQ  Safety  Recommendatfons  (conm) 

# No  planned  reentry 

Minimize  probability  of  Inadvertent  reentry 
r Minimize  consequences  of  inadvertent  reentry 
(high  alt.  disposal  or  Intact  reentry) 

Subcritical  at  all  times 
Minimize  Impact  dispersion 

# .Minimize  hmcaidous  materials  release 

# insure  safe  disposal 

Part  of  mission  planning 

Adequate  and  reliable  cooling,  control  and  protection 
Ensure  non-premature  final  shutdown 
m Safeguard  nuclear  material 

- Positive  measures  to  prevent  theft,  diversion,  loss  or  sabotage 
r Features  to  enhance  safeguards  and  permit  proven  methods  to  be  employed 

U PrMsIf IvA  nriAa«tiroo  nr  footi  iraa  I Ar  rAAAtfAru  IriAtiiHinn  laHlafin  nn#f  frarArln/i 


The  NSPWQ  recommendations  for  safely  requlremenls  and  guidelines  addresses  the  protection  of  tfie  |Hibilc.  the  aew,  tiie 
envfrc^ment  (both  Earth  and  space  environment),  and  Includes  recommendations  for  the  safe  disposal  of  the  spent  reactor 
systerh. 
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Assessment  of  Nuclear  Safety  Issues 

Accidental  Crllicailly  Sources  and 
Potential  Countermeasures 


Accldeniel  Criticality  Sources: 
Source 

Maximum  Reactivity  Insertion 

Core  Compaction 

^ $6  (8Q%  Theoretical  Denslly) 

Exiimat  fleutrbn  Reflection 

» $3 

Control  Orum  ftotl<Out  ' ~~ 

$3  ($4.S0  0nim  Span) 

Hydrogen  Insertion 
Water  Immersion  ^ 

« $83^ 

^$76  " 

Pblentlal  Countermeasures: 
C/M 

Negative  Reactivity  Worth 

1 Central  * Peripheral  Poison  Wires 

«$90  i 

II  Central  I’olsbn  Wires  Only  “ 

nConffol  0rurns  ^^tocked"  Pullen 

$1.50  at  Amblenf  Temperature  j| 

1 Safety  rods 

1 

Xfmlllne  re^tlvUy  Iddltldninhacore  coiild  be  complitely  tl^ded  with liigh'density  LH,7 


nacKwe))  Inlernsttonel 

Rorkvtdpnt 


Wr.iiinghngte  Flrcmc  Cutf>*taMnn 


The  sources  for  accidental  crlUcallty  of  a NERVA  derivative  reactor  are  core  compaction,  extemai  neutron  reflection  (from 
water  or  soil),  control  drum  rollout,  hydrogen  flooding,  and  water  immersion.  The  countermeasures  for  reactivity  events  must 
assure  a subcritical  condition  with  a negative  reactivity  margin  of  1$. 

For  the  NERVA  reactors  Ui©  criticality  margin  was  assured  using  poison  wires  (7  for  each  fuel  element).  Other  reactivity 
control  means  for  NERVA-type  reactors  are  the  conlrot  drums  or  the  possible  introduction  of  safety  rods  within  the  core. 


NH-nM-92 


121 


NTP;  System  Concepts 


Assessment  of  Nucliir  Safety  Issyes 

NERVA  Safety  Approach 


H Poieon  ifvifes  in  core  after  assembly  for  shipping 
- ~7  BorOti/alumlritirii  wires/eleihents 

Wires  wouid  be  removed  before  launch 

• hedundarit  safety  feattiies  to  preclude  drum  roil  out 

Pemianent  magnet  Stepping  motor  used  in  controi  drum  drive  actuator 

Drum  rollout  requires  erroneous  commend  signal  and  closing  efectrical  power  circuit 

• Anticriticailty  Destruct  System  (ACDS) 

" * To  fracture  reactor  by  use  01  explosives 

No  more  comportent  greeter  then  3 fuel  element 

• Prevention  of  hydrogen  Insertion 

Closing  PPS  valves  when  flooding  Is  detected  within  300  Seconds  ot  full  leekege 


nockwdit  UVUm  natton^ 

n>lwan 


W«tiinj|hau<e  ttlccoic  Curpmitnn 


For  the  NERVA  reactors  the  poison  wires  were  primarily  used  to  maintain  the  fuHy  assembled  and  fueled  reactor  In  a safe 
condition  during  transportation  from  the  assembly  area  in  Large,  Pennsylvania,  to  NRTS.  For  a flight  reactor  the  poison 
wires  were  to  be  removed  prior  to  launch.  Hedundaht  safety  features  Wbre  used  to  preclude  dfum  roti-out  prior  to  the 
planned  reactor  startup  In  a safe  orbit.  To  preclude  briticaiity  events  for  a launch  accident  or  an  inadvertent  reentry  event, 
an  Antlcritlcality  Destruct  System  (ACDS)  would  be  used  to  break  up  the  core. 

Hydrogen  Hooding  of  the  core  was  precluded  using  redundant  valves  and  hydrogen  sensors. 
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Assessment  of  Nuclear  Safety  Issues 

SP-100  Safety  Approach 

• Two  redundant  shutdown  systems 

Moveable  reflector  segments 
Multiple  safety  rods 

Only  planned  use  for  uilimate  shutdown 

• Rhenium  liner  at  core  periphery  to  absorb  thermal  neutrons 

- Water  immersion 

• Inadvertent  reentry  arKl  Earth  impact 

- Reactor  remains  intact  and  subcritlcal 


Rockwell  Inlernatkmal 

RoetivtWM  OMtiiM 


Wesiiiighwie  Rfcinc  Coqpontioii 


The  SP-100  spaca  power  reactor  system  (SPRS)  has  been  subjected  to  more  extensive  safety  evaluations  based  on  current 
guidelines.  The  decisions  made  and  planning  for  the  SP-1 00  SPRS  will  most  probably  apply  to  the  NTR.  ’ 

The  SP-100  safety  approach  employs  two  redundant  systems,  moveabJe  reflectors,  and  safety  rods.  The  safety  rods  are 
designed  to  provide  for  permanent  shutdown  of  the  SP-100  reactor  system  after  the  completed  mission  However,  the 
safety  rpd  design  allows  for  the  retraction  of  the  rods  from  an  unplanned  insertion. 

In  addition  to  the  moveable  reflectors  and  safety  rods,  the  SP-100  reactor  includes  a rhenium  liner  Internal  to  the  reactor 
vessel  to  capture  neutrons  thermailzed  external  to  the  vessel  and  precludes  back  reflection  from  a water  or  earth  Immersion 
event.  The  SP-100  safety  approach  indudes  reactor  system  design  features  to  assure  an  Intact  inadvertent  reentry  and 
earth  impact  event 
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Assessment  of  Nuclear  Safety  Issues 

Safety  i^proach  for  NGfiVA  Raptor 


• PreUmlnary  safety  evaluations  have  heen  Initiate 

• Current  safety  guidelines  ap|3ears  to  require  dual  shutdown  systems 

Control  drums  for  normal  operation 
Safety  rods  for  ultimate  shutdown 

• As  part  of  the  safety  study,  the  design  i^m  Is  svaluadng 

Retractahle  safety  rods 

Neutron  absorption  at  core  pmlpheiy  lor  lEaith  and  water  itnmer^on 
Impact  of  intact  reentry 


Rockwell  International 

niyUlnn 


Tlwe  fias  been  no  in-depth  safety  evaluation  of  the  NERVA  derivative  reactor  system  completed  to  dale.  However,  it  is 
expected  that  the  resutts  of  such  an  evaluation  wll  be  simfiar  to  SP-10G  safety  approach  adapted  to  the  reactor  design. 
Based  on  the  current  safety  guidetIneSy  Incorporation  of  dual  or  redundant  safety  shutdown  systems  wifi  be  needed  to  meet 
today's  requlremenls. 

As  part  of  an  ongoing  saf^  evaluation  for  the  NERVA  derivative  syst^  Westlngfrause  wUI  evaluate  the  use  of  retractable 
safety  rods  in  the  core  and  neutron  absorbing  liners  at  the  core  periphery  to  achieve  the  currant  safety  guidelines.  The 
design  impact  of  an  intact  reentry  win  be  evaluated  for  the  reactor  design. 
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Reactor  Development 
Summary  and  Conclusions 

• Engineering  and  analysis  of  NERVA  derivative  reactors  were  successfully  benchmarked 
against  the  NERVA/Rover  test  reactors  for: 

Reactor  size  and  neutronlcs  performance 

Design  characteristics  such  as  fuel  loading,  ZrH  moderator  requirements,  and  control 
drum  span 

internal  shielding  performance 
Thermal  performance  of  tie  tubes 

• A reactor  conceptual  design  for  the  NASA  50K  fast  track  engine  was  validated  neutronicaily 
and  thermally  by  analysis. 

• The  1972  NERVA/Rover  fuels  technology  must  be  recaptured  and  demonstrated. 

• Near  term  fuel  technology  must  resolve  the  mid-band  corrosion  problem. 


• Near  term  fuel  technology  will  meet  fast  track  requirements. 

• NERVA/Rover  safely  shutdown  systems  appears  Inadequate  for  today's  requirements, 

A secondary  shutdown  system  will  be  developed  for  the  NERVA  derivative  reactor 
designs. 


»t>%k  .IdyM  CMMon 


Mr  >uie  iUrriiir  I 


In  this  project  we  performed  trade-oft  studies,  developed  a single  pomt  conceptual  reactor  design,  and  validated  this  design 
thermally  and  neutronicaily. 

The  engineering  and  analysis  supporting  the  trade-off  studies  and  the  point  design  were  successtully  benchmarked  against 
the  NERVA/Rover  reactor  designs.  The  reactor  size  and  neutron ic  performance  was  established  for  a range  of  reactor  sizes 
for  engines  producing  25  K to  75  K lbs  thrust.  The  design  characteristics  such  as  fuel  loadir^g  requirements  and  radial 
loading  profile,  ZrH  moderator  requirements,  control  drum  worths  and  control  span,  were  established. 

A reactor  concept  for  the  50  K Ibf  engine  was  developed  and  validated  neutronicaily  and  thermally  by  analy<;is. 

Internal  shielding  performance  was  established  tor  the  standard  R- 1 shield  configuration,  an  unsfneldeii.  and  loi  a reduced 
shield  reactor. 

The  tie  tube  thermal  performance  was  modelled,  and  evaluated  for  steady  state  conditions.  Trade  studies  will  establish  the 
range  ol  ZrC  insulation  pro^)erties  and  tltormal  transionl  performance. 

The  fuel  technology  of  V972  fthe  end  of  the  NERVA  program;  was  evaluated.  This  technology  must  be  recovered  and 
demonstrated  as  a baseline.  Further,  this  technology  must  be  advanced  by  eliminating  or  suppressing  ‘he  midband 
corrosion  problem  to  meet  the  fuel  life  requirements  for  the  proposed  missions.  This  ’’near  term"  fuel  technology  will  meet 
th«  noeda  of  the  fast  track  program. 

Reviewing  the  current  requirements  and  recommendations  for  nuclear  safety  tor  the  NTR,  and  the  approach  taken  by  other 
space  power  reactor  systems,  leads  to  the  conclusion  that  the  NERVA/Rover  safety  approach  must  be  uogtaced.  Current 
plans  are  to  evaluate  a secondary  shutdown  system  for  the  NERVA  derivative  reactor  design. 
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50K  NTR,  Expander  Cycle,  Dual  T/P* 
Centrifugal  Pump 


f-?l  0 

M*  infi.i? 
s.i  w 


{'fiPC'k 

Valve 


RocKwcH  liiternatiattal 

ltock«ldy<ia  DlvishH* 




IHJMI’liaWMAIIt(iOIAI) 

I’UMi’  DISCI  iAiK5n  pMrssifnr 
NUMHEH  OF  f’UMP  STAGES 
PUMP  FFFICIFNCY 
iunnoPUMPw>M 
I UMBOPUMP  I’owcn  <EACI  I) 

IUf«3INE  INLCr  fEMP 

NUMonn  or  turoinf  STAors 

iURBlNR  EFFICIENCY 
fUnHINE  PRESSURE  RATIO 
TURBINE  FLOW  RATE  (EACH) 
nr ACIOIM'NGINE  THERMAL  POWflT 

run  EM  MEN  I mANsmiMru  pownn 

conn  iicnMAL  power  (rue  i element  me  iure) 

ENGINE  THRUS I 

NO/ZI  E CHAMBER  lEMPERAIURE 
CHAMBER  PRESSURE  (NOZZ1.E  SIAGNATION) 
NOZZLE  EXPANSION  AREA  RATIO 
NOZZt  F PERCENT  lENGlH 

VACUUM  SPFCIMC  IMPULSE  (UELIVEHEU) 


s;  r.6 1 jvsr-c 

1.755  PSIA 
2 

7?.5«7~ 
47,500  RPM 
3.870  HP 
25/  4 K 
I 

72.56% 
t.r.ii 
17.6?  I.B/SFC 
1.031.7  MW 
065  1 MW, 
1.01U  .6  MW  i 

50.000  I RF 
2.556  K 
704  PSIA 
200  1 
M0% 

068.72  til  C 


Heat  loads  are  as  follows;  Nozzle-con  (total): 

29.44  MW 

Nozzle-div  (total): 

9.06  MW 

flclicctor  (total): 

12.10  MW 

Tie-Tubes  (total): 

54.50  MW 

P PSIA 

I - OLG  K 

W - LB/S 

II  = [31U/LB 

S^BUi/LB4T 


*Nole;  Flows  indicated  are  tor  one-half  o1  system. 
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50K  NTR,  EXPANDER  CYCLE,  DUAL  T7P 
CENlRlEUCiAL  PUMI* 


The  SUK.  full-thnist  system  balance  propellant  c»nditi»n.s  are  slnmii  at  key  points  on  the  sdiemalic.  Sij>nirK*ant  di'sigii  vahies 
and  component  heat  loads  are  presented  in  the  tallies. 

The  pump  Inlet  pressure  was  set  at  32  psla«  allnwinf*  a tank  pres.siire  of  approxhiialely  35  psia.  The  engine  flowrate  is  57.56 
Ib/sec  U8.78  Ib/sec  for  each  pump).  Tlie  pump  procure  Ls  1,755  psia,  n?siilting  in  a turbopiiinp  power  of  3,87(J  Up  (^ch). 
Approximately  60%  of  pump  flow  goes  to  thetle-tnhes  and  approximately  5%  goes  to  the  noade  jacket,  providing  cooling  and 
energy  to  power  (he  turbine.  Hie  balance  of  the  pump  flow  cools  the  chamber  jacket  and  the  reflector  before  joining  the  flow 
exhausted  from  the  turbines. 

The  iioazle  jacket  (iiuzzlc-div)  and  tie-tubes  provide  total  power  of  approximatdy  64  Mw  to  heat  the  turbine  drive  loop  to  257K 
with  a tiiriiine  Inld  pressure  of  1571  psia.  Ibe  single  stage  turbine  1ia.s  a flowrate  of  17.6  Ib/sec  and  a pressure  ratio  of  1.61 
to  drive  the  pump  at  3,870  Up  and  47,500  rpm.  Approximately  10%  of  turbine  flow  is  bypa^ed  around  the  turbine  through 
a control  valve  to  provide  overall  engine  controMii  conjunction  with  the  reactor  control  drum  actuators, 

'Hie  turbine  exhausts  and  turiiine  bypa.vs  flows  are  combined  and  discharged  into  the  pressure  vessel  dome  where  they  juin 
with  the  fliiw  which  cooled  the  chnniher  jacket  and  reflector.  I'he  total  engine  flow  of  57.56  tb/sec  then  cools  the  fuel  elements 
of  th«  roHdor  wUh  a power  of  965  Mw.  Hydrogen  exits  the  reactor  at  2SS6K  (46<H1K1  and  784  psia.  This  expands  thrmigti 
the  200:1  expansion  ratio,  110%  length  bell  nozzle,  providing  a sfieclflc  impulse  of  approximately  869  sec  and  thrust  of  50,00LI 
ib. 


A dieck  valve  fuiiction  Is  providecl  at  each  piitiip  iltscliarge  ami  a siiiit-off  valve  fiincliun  ul  tiirbiiie  iiilcf  so  that  a 
inalfund toning  iurtiopump  can  lie  Lsiiiated  while  niaintaiiitng  engine  operation,  'rhesc  fniictious  may  he  satisfled  by  a 
senes/parallel  arrangement  of  valves  as  was  d<me  with  the  NERVA  R-l  engine.  Likewise,  the  sdieiiiatic  indicates  only  a single 
liiHniHM>ypas.s  control  valve,  'llir  arraiigeinent  of  valvi'S  to  pr<ividi>  rt^<litmlaticy  and  inecting  '’Nncleftr 'I'hernial  Ritcket  l*.«glne 
Ket|iiirenient.s,”  NA.SA  N.r.  ^002.  Iia.s  not  yet  bt^m  addri^ssed. 
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ORIGJNAL  PAGE  is 
OF  POOR  QUALITY 


SPECIFIC  IMPULSE  ADVANCEMENT 


• xE-PRiiviE  mmc 

Tc  2270K 

BI.Ei:!)  CYCLK  ( I liUlHNI*:  10%  FM)W) 

NOZ/LE  £ 0¥  !0 

REGEN  CO(>L  FUEL  ELElVfFNT  SUPPORTS  +35 
AND  CORE  PERIPHERY 


INCORPfXRATE  EXPANDER  CYCLE  +35 

INCREASE  £ TO  200,  M0%L  +50 

INCREASE  Tc  TO  2550K  (PEWEE)  +40 

• PEWEF>-BASED,  GRAPHITE  ELEMENT  ENGINE  I,  870  SEC 

INCREASE  Tc  TO  2700K  + 30 

• COMPOSI nC  ICLICMEN  r,  ENGINE  I,  900  SEC 


Hockwelt  IfilorfJdUnniiJ 


WntifigliiMne  r.leciiic  I 


SPECIFIC  IMI’IJLSK  ADVANCKIVIEINT 


The  XI*>Prime  is  the  baseline  for  nuclear  thermal  rocket  engines,  since  it  is  the  only  engine  contlgiiration  ever  tested.  This 
experimental  engine  was  tested  during  much  of  the  year  in  1959,  hut  full  power  and  performance  were  mast  notably  achieved 
in  June  when  a chamber  temperature  of  2Z70K  was  achieved.  l>ue  to  the  Tacts  that  a low  expaasioti  ratio  (10:1) 

ground  nozzle  was  used,  and  that  a bleed  cycle  was  used  to  power  the  tnrbine  which  exhausted  10%  (d*  the  engine  flow 
at  low  specific  impulse;  an  engine  specinc  impnlse  of  only  710  sectmds  was  realized.  Specific  impulse  is  increased  by  35 
seconds  by  using  regeiieratively  cooled  (tie-tube)  fuel  element  supports  in  place  of  dunip-cooM,  tie^rofi  fuel  element  suppiirts, 
and  by  using  regenerative  cooling  litslead  of  dtimp-cmiling  in  the  core  {Kiriphery  where  the  transiltoii  is  made  from  the 
irregular  boundary  of  the  hexagonal  fuel  elenieiils  to  the  circular  boundary  of  the  seal  segniciits  for  sealing  and  bundling  the 
core. 

Specific  impulse  is  increased  by  35  seconds  by  using  the  expander  cycle  where  ||te  turbine  exhaust  is  combined  with  the  balance 
of  the  engine  flow  and  the  total  flow  is  exhausted  at  the  liigh  reactor  exit  temperature  rather  than  using  the  bleed  cycle  where 
the  turhiim  fli>w  (10%  of  the  engine  flow)  is  exliansted  at  low  temperature  and  degrades  engine  specific  impulse. 

Specific  impulse  is  increased  hy  50  se«inds  by  increasing  the  n»»zzle  eximnsion  ratio  from  the  experimental  gixiund  test  engine 
value  of  10:1  to  200:1  expansion  ratio  for  a flight  engine  and  using  a 110%  hell  contour  which  provides  the  optlnnim  thrust 
ixiefficient  for  hydrogen  at  this  cxminsion  ratio. 

Specific  Imfndse  is  increased  by  40  seconils  hy  iiirre:ising  reactor  i^if  gas  tempenittire  from  the  2270K  (40INIK)  of  XF/>IVime 
(o  tlic  2550K  (4500K)  of  the  Pewee  Reactor  test. 

Gumming  the  above  advancement  results  in  the  Pewee-Rased,  ( Graphite  Element,  Engine  Specific  Impulse  of  070  seconds,  since 
the  IVwee  Reactor  used  graphite  fuel  elements. 

Specific  Impulse  is  Increased  by  an  addit  hnial  30  scctimls  if  composite  fuel  elements  where  a reactor  exit  gas  temperature  of 
2700K  (4060R)  can  be  achieved  based  on  data  fntm  Nuclear  Furnace,  are  used  rather  than  tlie  graphite  fuel  elemenl  wilh  a 
lector  exit  gas  tempci'alure  of  2550K  (4500R)  l>ase<J  <m  data  from  Pewee  Reaclor  testing.  'This  lesnlts  in  the  Composite 
Element  (Nnclear-Furnace-Based)  Engine  Specific  Impulse  of  900  seconds. 
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ENGINE  LENGTH  AND  NOZZLE  SIZING 


25K  ENGINE 

STAGE  REQUIREMENTS 

ENGINE  LENGTH  - 6.0M 
ENGINE  I,  - 870  SEC 

CHAMBER  PRESSURE  INCREASED 

FROM  621  PSIA  (PEWEK) 

TO  784  PSIA 

MEETING  REQUIREMENTS  AND  RESULTING  IN: 
£ 2(MI:1 

110%  LENGTH 

50  AND  75K  ENGINES 

USED  25K  NOZZLE  PARAMETERS 


£200,  110%L 


Rockwell  luteinnllonal 

HnchtWyo*  RMakin 


ENGINE  LENGTH  AND  NOZZLE  SIZING 


initial  effort  in  the  program  ttiveriiig  25,  50  and  7SK  fiinisl  engines  was  directed  on  the  25K  engine,  since  stage  re<{uirenieiit$ 
were  provided  for  thb  engine.  Engine  length  was  limited  to  0.0  meters  with  a specific  impulse  of  870  seconds. 

To  meet  the  stage  requiiemeiits,  tlie  chamber  pressure  of  621  psia  from  the  Fewec  test  condition  had  to  be  iiuueased  to  784 
f»ia.  I'he  higher  pre^rc  is  beneficial  to  (he  reactor  core  with  regard  to  heat  transfer  and  pressure  drop.  The  resulting 
noxzte  has  ail  expansion  area  ratio  of 200:1  and  a bell  contour  length  of  110%  of  that  for  a 30*  conical  nozzle.  With  hydrogen, 
the  110%  length  provides  maxlmiim  nozzle  thnvd  coefficient  for  an  area  ratio  of  200:!. 

For  the  iM)  and  75K  engines,  the  same  nozzle  parameters  of  200:1  expansion  ratio  and  110%  length  were  used  to  result  in  a 
consistent  fainily  of  engines  from  the  standpoints  of  etivdope,  performance  and  weight. 


A* 


Rockwall  Iniemayuiia} 
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NON-NUCLEAR  COMPOI^ENT  TECHNOLOGY 


• CHAWIBEB  TECHWOJ.OGY 

- ROVER-KIWI.  PHOEBUS 

- INCONEL-X  TUBES 

- INGO  718  SHELL 

- FURNACE  BRAZED  4SSEIVIBLY 

- lightweight 

- HIGH  TEMP  GAPABILlTy 


- SSME 

- SLOTTED  FORGED  NARLOY 

- ELECTRODEPOSITED  GU/NI  OLOSUBE 

- INGO  718  SHELL 

- HIGH  HEAT  FLUX  CAPABILITY 

- LOW  WALL  TEMPERATURE 

- SUPERIOR  LIFE  CAPABILITY 


RochwoM  liilfinifMlon/il 

llrtf  V »1i1lrn*  ttl*ll«4in 


}=!n  H*r  f 


N()N-NUCLEAR  C()MP0NI:NT  TKCnNOIXMwY 
CHAMBER  i’lCl  INPIvOGY 


RockelMyne  has  two  teihnoloRiiPs  applirahle  to  ll»e  N TR  tin*  t niivergent  and  hw  ar«i  riitip  divergent  cunipoiient 

which  attaches  to  the  bottom  of  the  pressure  vessel  and  ducts  the  reactor  exit  gas  Ibrough  the  sonic  regioii»  delivering  it  to  l|ie 
high  e^|>ansipn  ratio  noMle.  One  technology  coipes  froni  eiiHier  rocket  engipe  prpgrarns,  including  the  Rover  program  w|iere 
Ud>olar-waii  cliambers  were  employed,  and  still  are  today  for  engines  sjiicb  as  Atlas  and  IWhi.  Ilie  other  teihiiology  is  Hie 
slotted,  one-piece,  copper- wall  chamber  used  for  the  SSMK. 

Ihe  Rpver  tubular-wall  chainliers  (as  shown  in  the  plroto)  wcit  used  f«*‘  7 of  the  10  reactin-s  losud  in  the  Koyer/NKRVA 
pmgrfiin,  including  Phoelius  IB  at  conditions  approactdiig  |50«  M?v,  7^11  l»si  chamber  pressure,  and  thrmit  heat  flpx  of  3« 
jlTp/p|i^  sec.  These  chain  bet's  have  a contradliMt  ratio  of  approximately  21)  lo  iiilerface  with  the  reactor  at  an  inlet  dtaiiieler 
of  approximately  35  inf  hes,  and  an  expaiision  ratio  of  |2  to  exhaust  Into  the  atmosphere  at  NT'S  cpnclitioiis.  Iitconel-X  tubing 
was  usefi  \yjf h api  Inconel  718  oni*-piiTe  forgC|il  Shcll/Flaiige.  The  cbaitiber  was  a furiiace-hrazed  assembly.  T his  technology 
priivldes  a lightweight  chamber  wiffi  approximately  ItHlOK  ( 1 76f)K)  wall  teiniieratuiT  capa bilily. 

The  slotted,  onc'-piece,  copper- wall  chamber  ( as  shown  *0  thi*  pbnto)  was  developed  for  and  iisc^d  o«  Space  Sliiiltle 

Main  Engines.  Three  on  each  Space  Shuttle  Ri^U  have  now  powered  over  SO  missions,  apd  flight  copifigiiratioit engine 

testing  exceeds  T20  hours.  The  SSME  chamber  operates  at  a ebamhfr  pressnre  of  approxijtiiafely  3000  psi  with  a wall 
temperature  at  the  throat  of  approximately  80t)K  (H60R)  and  h«it  flux  of  approxiniately  100  BTU/iii^  sec.  The  chainlier  lias 
a cdntrgfT^OP  roRo  of  approximately  3 and  an  expapsloo  ratio  of  5 with  a throat  diameter  of  approxiniately  10  inches.  The 
slotted,  forged  NARloy  (Rocketdyne  copper  alloy)  cliamher  Mner  Is  elect rodeposiled  on  the  miter  envelope  with  a thin  copper 
and  then  heavier  nickif  cfosiire  of  Hu*  cootanf  slots.  A welded  |ncoMel  718  sliell,  iiiaiiifoff)  and  flange  nssepihly  comptele  the 
chamher.  T’liis  technology  provides  high  heal  fliix  (100  )IT’U/iii^  sec)  capah|lity  with  low  ( 10001*')  wall  tetii  pend  tire.  All  hough 
the  weight  is  sotiiewhat  higher  for  an  NTR  chandler  than  with  the  Ipihitlar-wnll  Rover  chandler  tpi'tinology,  tlieSSMK  chamher 
(eiiinology  is  favored  due  to  superior  Ufi‘-rycle  capuliitily  and  geiiiTal  robnstness. 
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NON-NIJCI.KAU  COMl’ONEN  I rKClINOUKJY  (CON  r’D) 


NOZZLE  I’ECIINOLOCY 
- SSME 

- A-286  rUBES 

- FURNACE  BRAZED  ASSEMBl.Y 


TURBOPUMP  TECHNOLOGY 
- INDUCER 

- Mk  I5F,  Mk  25 

- 2-PIIASE  PUMPING  CAPABILI  l Y 

- lirANIUM 


IMPEI.LERS 

- SSME  HPEI’P 

- TITANIUM 

- BEARINGS  - HYDROS  I'AriC 

- Mk25,  Mk29FD 

- rURBINE 

- TITANIUM,  A-286,  OR  718 


fluckwiill  Intoi  imUniii)l 
(IpchaMirn*  Divteinn 


NON-NUCLEAR  COMPONEN  T’  rECIINOIXHJY  <( ON  i D.) 
NOZZLE  AND  TURBOPUMP  TECIIN0L()(;Y 


KfK'kvtdyiie  h{)>ti-exp:iiiMoii-r<ilin,  re^etieratively-ciHtled,  mtn.W  I €><'11  no  logy  is  (‘xognplifleii  liy  Ihc  SSMIO  n«//h-  slmwn  in  (Ik> 
plintfK  T'he  constnirlioii  is  ttihiilar-watl,  using  A-286  (uIk>s,  fiirnaic'-l)i»/.cfl  assembly,  in  nrcler  to  reduce  Hie  weiglil  <ii'  ibis 
large  nuzzle.  The  nuzzle  ink^  is  an  area  ratio  <if  5 with  an  exit  area  ratio  of  77.5.  I'he  nozzle  length  is  approx iniately  10  ft. 
with  an  exit  diameter  of  approximately  7-1/2  ft.  Hie  nozzle  employs  iipproxiinateiy  1.000  fh in  wait,  A-286  lubes.  As  with 
the  eliainber,  this  SSMK  technology  provides  capability  beyond  the  rispiimnenis  (if  the  N'l'K,  r(>suiiing  in  a lobusl  ih>sigii. 

Rocketdync  technology  applicable  to  the  NTR  tiirbopiiinp  draws  on  eleiiienLs  from  several  programs;  however,  is  best 
exeiiipliiled  by  Ihe  Mark  2MF  (shown  in  the  photo)  which  was  developed  as  the  lii|iii(l  )i}<Injgeii  tuibopiiinp  for  Ihej-2S  irngine. 
Rockeldyiie  initiated  design  and  development  of  large,  lit] iiid- hydrogen  tnrbupiiinps  in  1958  under  the  Rover  program  for 
apjiUcalimi  to  nudeiir  nivKets,  Successful  testing  of  the  first  large  limiitl-hydrogen  (Mark  9)  puinp  in  I960  allowed 

coiiltnifiiieiit  to  the  ,1-2  engine  wiilcli  used  the  Murk  151''  (derived  from  Mark  9)  uxkil,  Ihpild-liydixigcn  pimip.  The  Mark  9 
and  evolutionary  Mark  25  (iirbopumps  were  used  for  1]  of  the  19  reactors  tested  in  the  Rover/NKKVA  prograni  and  in  the 
I*lttmUrook  III  NTR  cold-flow  ntgine  simulation  testsfand. 

Inducer  technology  for  liquid-hydrogen  pumps  is  exempUned  by  2-phase  Icsiing  of  tlie  Mark  I5F  and  Mark  25  at  inlet  vapor 
volume  fractions  of  up  to  30%.  l^ow  flow-coefticient,  larger  diameter  inducers  were  then  fabricated  for  these  pumps  and  tested 
to  even  higher  vapor  volume  fractions.  This  capability  pnivides  for  pumping  of  liquid  hydrogen  fnnti  a saturated  tank  without 
the  need  for  pressurization  to  provide  net  positive  suction  head  at  the  piintp  inlet,  lliis  provides  weight  savings  lo  the  stage 
in  tankwelght,  pri^sitraiit  and  storage  laiikweights,  and  vented  propellant  weight. 

I'he  liquid  hydrogen  centrifugal  pump  technology  of  the  Mark  29I'’  was  advanced  with  the  SSME  High  Pressure  Fuel 
Turbo  pump.  Signincant  iiiiprovemeiit  in  efficiency  was  achieved. 

Hydrostatic  bearings  were  cleinonst rated  in  the  Mark  25  pump  in  testing  in  1972  at  NTS.  These  beariugs  u.setl  interior  rolling 
eieinent  hearings  which  provided  the  mtatioii  a lower  speeds  diirtng  the  slow  start-iip  and  very  slow  shut-down  assuciafed  w ith 
NTR*s.  Tills  arrangement  coiisideriibly  reduces  the  DN  requirement  and  life  l eipiiretnenl  for  llie  roiling  element  hearing  and 
allows  use  of  radiation-resistant  cage  materials.  Pure  liydrostatir  hearings  in  li(|iiid  hydrogen  is  ati  ongoing  development  with 
the  Mark  29FI). 

Doe  to  the  low  inlet  teinperalnre  (approxiiniitely  300K)  and  single  stage  of  (be  expander  cycle  turbine,  tbetuH>iiie  terlmoiogy 
for  the  NTR  is  siinplitied  cmiqiared  to  the  high  teniperatiire,  iniilli-stafe  turbines  developed  for  most  rocket  engines.  Areas 
of  coiicet'ii  are  hydrogen  eniliritt lenient  and  hydridtiig  in  wliirii  Kiicketdytie  has  niiirh  of  Hie  wan  ld’s  applicable  expet  teni  e. 
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SmL  EEWEE-PERIVED  PUAL^CRBOPCMP  NTR  ENGIPIE 
CHANGING  REACTOR  SUPEO«T  RATIO 
SIGNIFICANTLY  IMPROVES  T/We 


o^  50K  rpairtWr  aiid'  pPPlimiHary  dPtprfRii«ed  tApiiRRA'niipfi^p  analysis 

fitaf  R <>:  f in  SttppiMf  Eretnpnf  llafio  cniitft  iip  tIKPiV  Pntlti^r  ihno’  a .V:  I rafitn  r<^iiilHR  hi  Aipfi^  iRiwpr  ih^ttehy  iitld' 

Ut  file  50K  leacfnr.  t’lwiA,.  ti»  «ire  i$  nMi#e  stoilar  tollie  tSiC  care;  whktviP!«$  afirf  sn|i|Mii^  nsiKl 

ahi!  Phfiebiis  reacthrs),  rafAeP  lAan  fhe  2SK  oire,  whkh  us«s  a 3;t  Ahppfirt  rafi»(aa  used  hi  Pewee). 

Eil^irthfiUil  uP  PiHinhtl^  tialf  the  stippUHk  (tieiP  Tl^ircuiliuiif  ffyiipide  moderathr^  tie-lute  and-  ip^phite  |iai4s)v  tojUether 
ivitll  the  eore  and'  letiector  diameCep  redaelidn  effei%itsuiis  in  9 leattur  #eipht  induction  of  approximately  2,0(Kt-  ih.  or 
apprdRimately  2S%»  The  shield  likewise  decr^ses  approximately  25%  due  fd  (fte  i^uetloir  in  dianietep. 

T^e  dammieite  eomponeiths  inePease  siijditly  (approxintalely  5%t  id  weight  due  to  iucrease  in  pump  discharge  ppessure  to 
provide  higher  premiire  mtio  to  drire  the  tdrhiiie  as  a result  of  lower  turbine  liitet  ttefw^nre  Imcanse  oP  reduciitg  the 
fiutnhOP,  and  therefore,  total  power  of  the  fie-tuhi^  (one  contained  in'  each  suppott  elnnlf»it>  liy  50%. 

floe  td  the  redaction  in  engine  weighf  as  tlie  re^dt  of  Hasirairy  ciitting  ftie  liiimher  of  sittipo^'  eimtents  in  half  (going  front 
5 to  0:1  ^elElemmit  to  Soppiirt  Element  ratiii>,  tlie  engine  weight  Is  reduced  apprimtetety  20%  andiherefope<  the  engine 
thi^4cHwe%hf  ratio  improves  20%. 
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LIFE  IMPACT  ON  CHAMBER  TEMPERATURE  AND 
SPECIFIC  IMPULSE  ADVANCEMENT 


• XE-PRIME  710  SEC 

Tc  2270K 

BLEED  CYCLE  {TURBINE  10%  rLOW] 

NOZZLE  € OF  10 

- REGEN  COOL  FUEL  ELEMENT  SUPPORTS  + 35  SEC 

AND  CORE  PERIPHERY 

INCORPORATE  EXPANDER  CYCLE  f 35  SEC 

- INCREASE  6 TO  200,  1 10%  L + 50  SEC 


- INCREASE  Tc  WITH  GRAPHITE  FUEL  ELEMENT  TO; 
• GRAPHITE  ELEMENT  ENGINE  I. 


2550  K 2450  K 

Life  1.5  HR  4.5  HR 

Al,  + 40  SEC  + 20  SEC 
870  SEC  850  SEC 


INCREASE  Tc  WITH  COMPOSITE  ELEMENT  TO: 
• COMPOSITE  ELEMENT,  ENGINE  I. 


2700  K 2550  K 

Life  1.5  HR  4.5  HR 

At,  +_30_SEQ  + 20  SEC 

900  SEC  870  SEC 


Rockweli  InteriiBtlonal 
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LIFE  IMPAC  r ON  CIIAMBFR  'i’EMPERA'rURE 
AND  SPECIFIC  IMPULSE  ADVANCEMENT 


As  in  I he  prior  churl,  ”Sp«ifir  litipiiKe  Ailvmireiiteiil,”  the  XP.- Prime  is  the  buseline  for  spwitu'  impulse  at  710  sec.  Also, 
as  in  the  prior  chart,  advaiicciiieiiLs  hy  1)  refieiierative  cooling;  of  cure  .structure  ( I 35  sec),  2)  ii.sing  the  expamier  cycle  (+35 
sec),  and  3)  using  the  2<K):I  expansion  ratio  nozzle  ( + 50  sec),  increase  spccillc  impulse  hy  120  set'oiids. 

However,  IVestinghouse  evaluation  of  Rover/NERVA  Fuel  Elemeat  Mass  Uiss  resulted  in  life  capafoility  of  1.5  hours  for  the 
prior  chart's  Graphite  Fuel  Fleincnt  at  Pewce  Average  Exit  Gas  Temperature  of  2550K  and  resuitiitg  specific  iinpiifee  of  870 
see,  and  Cmiipo^e  Fuel  KU^ii»it  (5as  Teinpt>nitiire  of  27IHIK  with  specific  imptilse  of  000  ,se*-.  'lids  1.5  hour  data  is  presented 
in  lh«?  ]eft  Itanti  column.  ‘'Near-Term”  engine  llfi»  miiiirfmenls  arc  for  a Lifa  Copdlillity  iif  4,5  hours.  I’o  meet  the  4,5  hour 

l.lCe  ivHh  tli«  alloeuled  roaeilviiy  l«NN  of  1$,  lu  jUl  ammu  mowi  Itms  por  oleifupot  mid  the  result hia  teiupprultimi 

and  specific  impulses  as  shown  In  the  right  hand  column.  For  the  4.5  hour  life  requireiueitt,  the  resulting  Liraptiite  Element 
Engine  Specific  Impulse  Is  850  see,  and  the  Composite  Elenienl  Engine  Specific  Impulse  is  870  .seconds. 
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50K  NTR,  Expander  Cycle,  Dual  T/P* 
Centrifugal  Pump 


Cooling 

Path 


0t^SiaNVAI,Ut3 

ruMP  ri  owRATr  ooi  ai  ) 

puMPomciiAnnr  pnrsnimr 

NUMorn  or  pump  stages 

PUMP  crncirNcy 

lunoopNMPnrM 

niRROPUMP  POWFR  (FACM) 

tUrmiNF  INI  FT  1FMP 

NUMnrrt  or  TunniNF  sia(tfs 

runniNF  FFriciFMiy 

I UHRINF  PRFSSUnF  RAT  lO 

I UHfilNF  FLOW  I IA  if  (EACI  IJ 

nr  AC  ron/TNGiNF  ii  irnMAi  rowr-n 

rui.L  f I rMf  Ni  inANSimrrn  powrn 

COTU:  iicnMAi  mwFntruFiFiFMFNi>iiE  tube) 

FN6INF  THRUST 

NOZZLE  CHAM06R  TFMPEHAIURE 
€1  lAMBFn  PnFSSURF  (N0771 F STAGNATION) 

NOZ/I  F EXPANSION  AREA  RA 1 10 
NOZ7I  F PI  HCtNI  LFNGIH 

VACUUM  SPECinC  IMPULSE  (OELiVrnED) 


SflPfj  1 11/SI  ' 
i.or?  pr.iA 

7?.50  % 
4/,500nr’M: 
4.110111*1 
?50  4 K ' 

/l./l  % 

1 h/Pl 
tB  tJB  I H/SFC  ^ 
LOOP  BMW; 
030  ? MW ! 
q<10  7MW 

50,000  I Ml  i 
2.444  K ^ 
784  PSIAj 
PfKl  I ' 


846.64  sue : 


Heal  loads  are  as  follows:  Nozzle-con  (total):  28.55  MWj 
Nozzle-div  (totai):  9.44  MW 

Heflector  (total):  12.10  MW 

Tie-Tubes  (total):  54.50  MWi 


P = PSIA 

T = dbg  K 
W=  LB/S 

H-  BTU/LB 
S - BTU/LB-R 


Rockwell  inlernaltotinl 

n«€  It  •Id^rns  til  yMinn 


*Note:  Flows  Indicated  are  for  one-half  of  system. 

l-.kcliic  Tiiiu.m 


50K  NT’R,  EXPANDER  CYCLE,  DUAL  T/P 
CENTRIFUGAL  PUMP 


In  conyuncf  ion  with  the  reduftion  in  graphite  fuel  element  average  ex  if  gas  temperature  from  a lURninal  25S0K  to  2450K  to 
meet  the  4.5  hour  Life  requirement,  a rcvi«?d  system  hataiice  was  perfonited 

Compared  to  the  ha  I an  re  shown  on  the  prior  chart,  the  average  reactor  exit  ga.s  temperature  (nozzle  diamher  temj^ature) 
is  reduced  by  approximately  4%  to  2,444K.  This  results  in  an  appniximate  2%  mluction  in  specific  impulse  to  845.64  sec. 
To  malptain  engine  thrust  at  50,000  Ibf  requires  increasing  Howrate  by  approximately  2%  to  59.06  Ih/sec.  Tlie  increase  in 
flowrate  and  reduction  hi  temperature  result  in  an  approximate  3%  reduction  hi  Keactor/Eiigine  Tlierniai  Power  to  I ,tKI2.8 
Megawatts, 

llie  reactor  configuration  for  the  i.S  hr  and  4-5  hr  life  would  he  the  same.  Fuel  element  tliermal  conditions  and  .stresses 
actually  reduce  due  to  the  4%  reduction  in  ttmijwraf  ure  and  3%  reduction  in  power.  Fuel  element  mechanical  stresses  stay 
the  same  since  the  reactor  exit  pres.siire  is  fixed  (784  psia)  and  the  core  pressure  drop  is  essentially  the  same  due  to  the  2% 
reduction  in  velocity  (2%  incremie  in  flowrate  and  4%  tiicroase  in  density  due  to  lower  l«snperature)  and  4%  incroase  in 
den^y.  So  the  reactor  weight  remains  essentially  the  same  between  the  1.5  hr  and  4.5  hr  life  cases. 

llie  chamber  and  nozzle  sizes  i^ain  the  .same,  due  to  the  2%  increase  in  flowrate  and  4%  reduction  in  temperaluro  resulting 
in  tliesaiiie  thniat  area. 

The  pump  flowrate  inerpasi^  by  2%  and  flip  dlscliarge  pressure  Increases  by  4%  diie  to  the  6%  iiicrea.se  in  turbine  pressure 
ratio  required  to  provide  tlie  6%  higher  liiriiiipiimp  power.  T'hts  results  in  a 4%  increi^e  In  tiirliopiinip  weight  which  is 
equivalent  to  approximately  0. 1%  in  engine  weight.  i)ue  to  the  2%  increase  hi  flowrate  and  the  4%  increase  in  piintp  difR'Iiarge 
pre^re,  the  ttirbopump  line  weight  increa^  by  6%  which  is  equivalent  to  approximately  0.4%  In  engine  wei|dit. 

Su  the  engine  weight  effect  in  going  from  the  1.5  to  the  4.5  hour  life  Is  an  approximate  0.5%  increase  in  wrigitf  due  to  the  2% 
iiicf^se  In  flow  and  4%  increase  in  puinp  discharge  pressure  with  the  majority  of  the  effect  lidiig  due  to  the  piiiiip  discharge 
and  turbine  lines. 
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Effect  of  Thrust  and  Fuel  Element  on  Engine 
Thrust-to-Weight  Ratio 


#1^ 


Rockwoit  liuoriiotinnni 


Engine  Ti)rust,  kibf 


W«iilnth<Mii«  lUcnrlBCaqwitikxi 


EFFECT  OF  THRUST  AND  FUEL  ELEMENT 

ON 

ENGINE  THRUST-TO-WEIGHT  RATIO 


llie  effect  of  thrust  for  the  25,  50  and  75K  Ih  ciigioes  on  engine  fliriist-to-iveighl  ratio  (without  iiiditding  radiation  shielding) 
is  shown  for  both  Graphite  and  Composite  Fuel  elements. 

As  a result  of  discussion  related  to  the  previous  chart  regarding  engine  weight  changes  in  going  from  1.5  to  4.5  hr  Life,  the 
engine  wei|^t  increases  by  approximately  0.5%  primarily  In  line  weight  due  to  the  2%  Increase  in  flowrate  and  the  4%  increase 
In  pump  discharge  pre^ure.  This  Is  a negligible  effect  to  these  fhrust-t<i- weight  ratio  plots.  ThertTore,  llie  plot  for  each  fuel 
element  applies  for  the  range  of  Life  and  Specific  Impulse  shown. 
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Effect  of  Thrust  and  Use  of  ZrH  Moderator  on 
Engine  Thrust-to-Weight  Batto 


Engine  Tlirusl.  Klbf 


BogHwaII  Intomniloiial 


WttiHiiluMMe  GtceuieCoi|io>*Moi* 


EFFECT  OF  THRUST  AND  USE  OF  ZrH  MODERATOR 

ON 

ENGINE  THRUST-TO-WEIGHT  RATIO 


Theeffed  of  Zirconium  llydriile  moderation  on  engine  tlirust-to-wclght  ratio  (without  including  radiation shieldinK)  is  shown 
over  the  thrust  range  of  25  to  lOOKIb.  llie  lower  curve  represents  engines  using  a fixed  3S-inch  diameter,  S2-incii  long  core 
containing  no  The  upper  curve  represents  engines  using  reactom  containing  Zrll  as  necessary  to  minimize  size  and 

weight  fbr  the  25,  50  and  75KHi  thrust  reactors  as  analyzed  by  West iniduntse.  Other  Westlnghouse  preliminary  analysis 
indioites  that  Zrll  docs  not  reduce  the  weight  of  a reactor  with  a 35-iiich  dianu^er  coi%  for  a I flOKIh  thnist  engine.  On  this 
basis^  the  dashed  line  was  constructed  between  the  75Klh  Zrll  moderated  point  and  the  lOOIClh  polid  without  Zrll. 

So  Zrll  moderation  provides  no  advantage  at  lOOKlh  llimst,  approximately  10%  weight  advantage  at  75K,  appmxiniatdy  35% 
Weight  advantage  at  50K,  and  approximatoly  75%  weight  advantage  at  25K  thrufd. 
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Effect  of  Shield  on  Engine  Thrust-lo-Weight  Ratio 


RockweiiintflrnatluiiQl 


Engine  Thrust,  kibf 
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EFFECT  OF  SHIELD  ON  ENGINE  I’llRLSl'-TO-WElGIlT  RATIO 


The  effect  of  shield  weigiit  on  engine  Ihrust-to-welglit  ratio  is  shown,  'riic  upper  data  represents  the  engine  (lirust-to-weight 
trHo  without  liicludlng  rndiiitlon  Rliipldins.  The  lower  datii  reprmnits  engine  thnist-to- weight  nitin  using  the  internal  shield 

used  for  the  NERVA  R~t  engines;  nninely,  12  Inelies  of  ItA'I'll  (Ihiron.  Alnniliiinn.  uml  T‘llmiitiin  ilydrUie)  nii<l  1-1/4  Imiies 
of  lead. 

During  the  program,  NI*0  specified  neutron  flux  levels  and  gamma  dose  level  to  he  met  by  the  shielding  for  Hie  "Near-T'erm” 
reactor.  Due  to  concept  about  lead  melting  during  decay  heat  removal,  ftte  lead  was  removed.  'I'he  NPO'Specifled  radiation 
field  also  allowed  reduction  in  the  BA11I  thickness  from  12  inches  down  to  9 inches.  The  Westinghouse  analy?ds  of  the 
resulting  radiation  field  for  the  50K  engine  results  in  iieiitron  fluxes  and  gamma  dose  approximately  half  that  specified  by 
NPO,  Indicating  that  a .small  furtlier  rediictioii  in  BATH  Ihickitess  may  he  made. 

At  the  5UK  thrust  level,  the  IJgiit  Shield  provides  approximately  W%  iinpewveineni  in  engine  thnisl~lo-weighl  ratio  over  the 
NERVA  idileld.  The  light  shield  represents  an  approximate  9%  reduction  fniiii  the  tlirust-to-weight  ratio  of  5.8  for  the 
un.'diielded  SOK  engine. 


RocKweH  ImernoUonn) 


@ 

NTP; 


NP-TIM-92 


137 


PEWEE  - DERIVED  NTR's 


THRUST 

25K 
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De 
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2.44IV1 
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PEWEE-DEKIVED  NTR’S 


Conceptual  flesigiis  were  perroniied  for  25,  50  mid  75 K thrust  enj^iiies  liased  on  Rover/NERVA  reactor  te^tnolof^.  Kiiel 
elemeiit  power  was  based  on  Pewee  test  results  of  approximately  1.2  M^a  watte  per  fuel  efement  average,  llie  engine  thnist- 
; to- weight  ratio  requirement  of  > 4 with  shielding  was  not  met  by  the  25K  engine  which  has  a value  of  approximately  3.6  with 
/ a shield  meeting  the  NPf7  radiation  field  requirements.  Uitshielded,  the  25K  eii|^e  has  a llirust-fo-wei^t  ratio  of 
approximatidy  3.9,  so  the  re<|uirmieiit  of  4 Is  ii<d  met  even  without  the  radiation  shiHd. 

Certainly,  based  on  engine  thrust-to-weight  ratio,  the  preferred  engine  ffirust  would  be  lOOK  or  more  based  on  the  eliminatiim 
of  The  w^ght  penalty  a»>f^ated  with  thenseof  Zirconiutii  Hydride  moderator  and  achieving  a shielded  engine  thmst-To*  weight 
ratio  of  approximately  6.5,  or  approximately  7.1  without  radiation  shielding. 

N1*0  ae|«c(ed  the  SIR  ctiglite  for  inore  deliiiletl  fitialysis  iiiul  xpeclfieti  radiation  field  values  to  fMermliie  the  stiiHd.  llie 
radiaflon  fif^d  requlroments  aliowed  IlghliMilng  the  shield  hy  approximatiMy  91K}  lb  resnitlng  Ui  an  improveinent  In  shielded 
engine  thni«t-to-weight  ratio  from  4,8  to  5.3,  with  an  imsbield^  thrjisl^fo-welglil  ratio  of  S.8. 

The  50K  engine  has  an  overall  leiigtli  of  7.66  meters  and  a iioxvJe  exit  diaini^er  of  2.44  nietera. 

These  parameters  all  apply  rt^ardle^  of  witether  I)  the  engine  life  is  1.5  hours  operating  at  a cliaiiilier  leiiiperature  of  2S50K 
with  87(1  sec  specific  impulse,  or  2)  the  engine  life  is  4.5  Iiniirs  o|ieniling  al  a cliamfier  feiitperniniie  of  2450K  with  85ft  sw 
specific  imputee. 
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Key  Technology /Streamline  Development 

Assessment 


• Approach 

• identify  critical  design  areas  and  technology  issues 

• Assess  actions  and  program  impacts 

• Determine  critical  path 

• Areas  addressed 

• Safety,  hydrogen  pumping,  nozzle,  valves, 
instrumentation  and  controls,  reactor,  engine 
system  and  test  facility 


Bockweil  ImernBUonai 
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Key  Technology/Streamline  Development  Assessment 


In  performing  this  assessment,  design  areas  of  the  engine  system  were  reviewed  and  critical  tecirnology  issues 
were  Identified,  together  with  actions  required  to  address  these  issued  and  their  impact  on  the  program.  A critical 
path  was  inferred  from  this  analysis.  The  design  areas  addressed  were  safety,  hydrogen  pumping,  the  nozzle, 
valves,  instrumentation  and  controls,  the  reactor  assembly,  and  the  engine  system  and  test  facility.  In  most 
instances  it  was  found  that  recovering  or  referencing  existing  technology  provides  the  design  basis.  However, 
several  system  design  issues  exist  where  new  design  solutions  and  test  verifications  would  be  required,  and  effort 
to  resolve  these  Items  should  be  emphasized  early  in  the  program. 
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NTP:  Systm  . 
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KEY  TECHNOLOGIES  ASSESSMENT 


AREA  OF  DESIGN 

TECHNOLOGY 

ISSUE 

ACTION  REQUIRED 

PROGRAM  IMPACT 

Safety 

Water  immersion 
criticality 

Analysis  of  several 
design  options  for 
reactivity  control  in 
then  val  range; 
reco  '8r  NERVA 
plan'. 

Engine  test  facility 
to  test  as-designed 
engine,  no  additional 
cost  or  schedule 

Safety 

Intact  reentry  or 
total  dispersal 

Design  for  reentry 
heating;  recover 
reentry  data; 
consider 
engine/vehicle 
interactions 

Verification  testing 

0^ 
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Key  Technologies  Assessment 


Ready  technology  from  many  sources  forms  the  foundation  for  the  Rockeldyne-Westinghouse  NERVA-derived  engine 
concept.  In  reviewing  key  technology  areas  the  goal  was  to  assess  both  the  needed  actions  to  resolve  the  particular 
Issues  and  the  programmatic  impact.  In  mar>y  cases  technology  recovery  was  the  principal  action,  and  there  was  no 
programmatic  Impact.  In  a few  areas,  issues  not  anchored  in  ready  technology  were  id  entiled,  and  their  resolution 
should  be  addressed  early  in  the  program.  We  expect  no  intractable  problems. 

Safety  Issues  in  all  phases  of  the  program  have  to  be  adeqtimely  identified,  and  procedures  and  design  solutions  have 
to  be  qualified.  Four  safety  issues  are  noted  here:  1 1 ) water  immersion  criticality,  (21  intact  reentry  or  total  dispersal, 
(3)  the  concern  over  flammability  and  dispersion  of  nuclear  materials  in  a launch  explosion  and  fire,  and  (41  the  impact 
of  the  continued  nuclear  power  generation  of  a shutdown  engine  in  a cluster.  The  latter  affects  engine>c!uster  specific 
performance,  but  is  also  a safety  issue  because  the  overheating  potentially  can  damage  the  stage  placing  the  crew  at 
risk,  and  ejection  of  the  engine  with  its  potential  for  generating  debris  may  pose  a threat  to  the  stage  or  to  future 
missions. 

Restartabllity  requires  adequate  systems  for  decay  heat  removal  that  do  not  consume  excessive  quantities  of  hydrogen. 
A flight-qualified  decay  heal  removal  system  was  never  demonstrated  in  the  Rover/NERVA  program. 
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KEY  TECHNOLOGIES  ASSESSMENT 


AREA  OF  DESIGN 

TECHNOLOGY 

ISSUE 

ACTION  REQUIRED 

PROGRAM  IMPACT 

Safety 

Launch  fire 
resistance  of  nuclear 
and  hazardous 
materials 

Analysis  and  design 
of  fire  retarding  or 
resisting  features 
such  as  plug  in 
throat 

Mockup  test  in 
simulated  launch 
explosion/fire 

Safety 

Engine-out 
continued  power 
generation;  dead 
weight 

Analysis  of 
alternatives: 
auxiliary  cooling, 
shielding,  ejection, 
etc. 

No  additional  impact 

Restartability 

Decay  heat  removal 

Analysis  and  design 
of  optimum  method 
for  conserving 

Test  decay  heat 
removal  system 
during  engine  tests 

propellant 
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KEY  TECHNOLOGtES  ASSESSMENT 


AREA  OF  DESIGN 

TECHNOLOGY 

ISSUE 

ACTION  REQUIRED 

PROGRAM  IMPACT 

Hydrogen  pumping 

Two-phase  pumping 

Design  pumping 
sysimii  coinpntible 
witfi  tank 

pressurization  limits; 
recover  Rover  test 
data,  Mark  25  and 
Mark  15  data 

Test  Gahdidate 
configuration  in 
pump  test  facility 

Hydrogen  pumping 

Bearings 

Design  for  1 0 
restarts,  and  slow 
start  and  shutdown 
transients;  recover 
Mark  25  data  with 
hybrid  hydrostatic 
bearings,  SSME 
experience,  Mark 
29FD  with 
hydrostatic  bearings 

Demonstrate  during 
pump  qualification 
test 

Hydrogen  pumping 

Seals 

Select  radiation-hard 
seal  materials 

Part  of  turbopump 
design  and  test 

RockwalHmwnotlonnl 
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Key  Technologies  Assessment 


The  hydrogen  turbopumps,  while  based  on  mostly  proven  hardware,  must  be  qualified  for  the  radiation  environment. 
10  restarts  in  space,  slow  startup  and  shutdown  transients,  and  4.5  hours  of  accumulated  full-power  operation.  The 
solutions  to  these  issues  are  anchored  in  existing  technology,  but  a rigorous  test  program  will  be  required  to 
demonstrate,  adeqately,  the  design  integrity. 

Chamber  and  nozzle  experience  with  the  SSME  satisfies  most  design  requirements,  except  those  dealing  with  the 
radiation  environment,  such  as  joint  seal  design.  Testing  of  seals  in  a radiation  environment  would  be  required. 

Radiation  resistance  of  valves  -bqdies.  stem,  guides,  actuators,  seals,  seats -must  be  incorporated  in  the  design  and 
verified  by  test,  and  turbine  bypass  valve  functional  performance  must  be  assured  by  test. 
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KEY  TECHNOLOGIES  ASSESSMENT 


AREA  OE  DESIGN 

TECHNOLOGY 

ISSUE 

ACTION  REOUIRED 

PROGRAM  IMPACT 

Nozzle 

Radiation  resistant 
joint  seal 

Test  seal 
configuration  in 
radiation 
environment 

Need  to  identify  test 
facility 

Nozzle 

High  heat  fUix 

Use  SSME  NARloy-Z 
slotted  channel 
approach 

No  additional  impact 

Valves 

Radiation  resistance 

Select  radiation 
resistant  materials; 
Recover  data  from 
Rover/NERVA, 
SP-100,  LMFBR 

Life-cycle  test 
valves  separately, 
and  evaluate  after 
engine  test 

Rockwflii  Imarnfltlonal 
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KEY  TECHNOLOGIES  ASSESSMENT 


AREA  Of  DESIGN 

TECHNOLOGY 

ISSUE 

ACTION  REQUIRED 

PROGRAM  IMPACT 

Valves 

Turbine  bypass 
control 

Modify  SSME  and 
J-2  valves  and 
perform  life-cycle 
test 

Test  in  hydrogen 
flow  faeility 

Reactor  assembly 

Fuel  element 
midband  corrosion 

Develop  and  test 
coating  materials 
and  processes 

Identify  reactor  test 
facility;  test  and 
evaluate  in  engine 
testing 

Reactor  assembly 

Vessel  design  for 
intact  reentry  or 
dispersal,  decay 
heat  removal 

Select  compatible 
rnateriais  and 
configuration 

Safety  requirements 
drive  the  design 

nockwBlI  tiusrniitloMiit 
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Key  Technologies  Assessment 

In  the  reactor  assembly,  rnidbanci  corrosion  fourui  In  the  Rovor/NERVA  fuel  elements  was  being  addressed  wfien  the 
program  was  canceled.  Resolution  of  this  Issue  will  be  of  prime  importance  at  the  outset,  with  in-pile  testing  of  fuel 
elements  and  clusters  necessary  to  validate  the  solution.  The  reactor  vessel  must  be  designed  to  meet  the  safety 
requirement  of  intact  reentry  or  total  dispersal  in  the  event  of  an  inadvertant  reentry  from  space.  The  control  drum 
actuators  may  feature  electrical  or  pneumatic  drives,  or  both,  based  on  Rovor/NERVA  or  current  design  technology. 
The  support  plate  must  contain  the  tic- tube  inlet  and  outlet  flow  passages,  operate  with  minimal  thermal  distortion, 
and  be  structurally  robust.  Data  from  the  Phoebus  2A  reactor  and  from  the  NERVA  design  would  be  the  bases  for  the 
new  design.  To  achieve  higher  operating  temperatures  and  performance  development  of  composite  fuel  would  be 
continued  from  the  Rover  program  baseline.  The  instrumentation  and  control  design  area  would  initfally  address  key 
sensors  and  the  engine  health  monitoring  system.  Current  technology  would  serve  these  areas. 

Finally,  the  ground  testing  of  the  complete  engine  system  is  the  key  step  In  qualification  for  piloted  operation.  An 
operational  facility  will  be  needed  with  adequate  engine-exhaust  scrubbingto  meet  environmental  and  safety  concerns, 
and  with  well-designed  altitude  simulation  diffusers  and  eiectors.  Because  design,  the  environmental  approval  process, 
construction,  and  acceptance  testing  will  require  about  6 years  to  complete,  embarking  on  this  effort  almost 
immediately  is  essential  to  meeting  the  desired  10-year  development  goal.  We  believe  that  this  facility  is  the  critical 
paili. 
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KEY  TECHNOLOGIES  ASSESSMENT 


AREA  OF  DESIGN 

TECHNOLOGY 

ISSUE 

ACTION  BEQUIREO 

PROGRAM  IMPACT 

Reactor  assembly 

Drum  actuators 

Incorporate 
Rover/NERVA  or 
SP-100  designs; 
evaluate  fluidic 
stepping  motors 

Testing  required 

Reactor  assembly 

Support  plate  with 
tie  tubes 

Evaluate 
Phoebus-2A  and 
HERVA-R1  designs, 
fabricate  and  test 
unit 

Test  in  hydrogen 
flow  facility -parallel 
with  pump  testing 

Reactor  assembly 

Higher  temperature 
fuel 

Develop  composite 
fuel 

Test  reactor  or 
nuclear  furnace 
required 

Instrumentation  and 
controls 

Hydrogen  flow 
measurement 

Evaluate  candidate 
flow  meters, 
including  fluidics; 
(irocure  candidates 
and  test 

Test  in  hydrogen 
flow  facility 

pPM  Itocliwoli  tiitornalluiiai 
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KEY  TECHNOLOGIES  ASSESSMENT 

AREA  OF  DESiGli 

TECHNOLOGY 

ISSUE 

ACTION  REQUIRED 

PROGRAM  IMPACT 

Instrumentation  and 
controls 

Reactor 

temperature, 

pressure 

Incorporate 
Rover/NERVA  and 
advanced  reactor 
sensors 

Life  test  in  a reactor 
in  hydrogen; 
evaluate  in  engine 
test 

Instrumentation  and 
controls 

Health  monitoring 
system 

Incorporate 
Rocket  dyne  slaie- 
of-theart 
diagnostics 

Evaluate  in  engine 
system  test 

Engine  system  test 

Scrubbing  engine 
exhaust,  diffuser 
and  ejector 
technology; 
environmental 
concerns 

Proceed  with  site 
selection  and  facility 
design  and 
construction; 
recover  NF-1 
scrubber  data,  state 
of  tlie  art 
Rocket  dyne 
diffuser/ejector 
technology 

Critical  path  to 
engine  qualification 

(W 
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Technology  Assessment  Results 


• Technology  available  for  most  issues 

Rover/NERVA,  SSIVIE,  Rocketdyne  state  of  the  art. 
SP-100,  terrestrial  advanced  reactors,  state-of-the-art 
electronics  and  computers 

• Unresolved  system  design  issues 

Loss  of  turbopumps,  lifetime,  intact  reentry-water 
subcriticality  (or  total  dispersal),  decay  heat  removal, 
engine-out  cooling  during  operations,  fuel  midband 
corrosion 

® Critical  path  is  engine  test  facility 
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Technology  Assessment  Results 


The  assessment  of  key  technologies  led  to  the  conclusions  that  11)  existing  technology  In  reactors  and  engine 
systems  Is  applicable  to  most  design  areas.  (2)  there  are  issues  requiring  attention  early  in  the  program  to  assure 
satisfactory  resolution,  and  13)  the  assured  early  avaitahilitv  of  an  engine/reactor  test  facility  is  critical  to  meet, 
successfully  meet  the  lO-year  engine  qualification  goal. 
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Streamline  Development  Requires  Early 
Agreement  on  Requirements 


NASA  prepares: 

Rocketdyne/Westinghouse: 

• Mission  and  performance 

• Provide  comments  on  draft 

requirements 

requirements  and  specifications  I 

• Safety  requirements 

• Perform  QFD  analysis 

• Interface  control  structure 

• Prepare  design  criteria  and  test 

plans 

• Engine  specification 

• Specify  test  facility  needs 

VM  Rockwoll  Imoriintiutinl 
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Streamline  Development  Requires  Early  Agreement  on 

Requirements 


To  establish  a good  foundation  for  a successful  development  program  both  NASA  and  the 
Rocketdyne/Westinghluse  team  must  understand  and  accept  the  design  requirements,  program  and  technical 
Interface  requirements,  and  design  criteria  and  testing  needs.  Poorly  understood  or  shifting  requirements  can  lead 
to  delays  and  cost  escalation.  We  believe  that  a QFD  ailalysis  of  the  program  will  lead  to  well-understood 
requirements  and  optimum  design  and  hardware  results. 


NPTIM-92 


RockwtU  Uit!8rncU.{QnQ( 


147 


Nl'P:  » 


NTR  Streamline  Development  Logic 
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NTR  Streamlioe  Development  Logic 


A (ieveiopment  logic  diagram  can  Include  many  layers  of  detail  and  be  organized  in  many  different  ways.  This 
high-level  diagram  shows  many  necessary  tasks  in  selliitg  requirements,  recapturing  technology,  resolution  of  key 
design  issues,  facility  design,  construction,  and  activation,  and  testing  of  components  and  systems.  The  most 
important  message  Is  that  the  program  must  start  with  well-defined  requirements  and  design  criteria,  and  that  the 
availability  of  key  test  facilities  will  drive  the  rate  of  achievement  of  the  10-year  goals.  Near-term  activities  of 
conceptual  design,  technology  recovery,  and  resolutimr  of  design  issues  wifi  provide  a sound  basis  for  proceeding 
quickly  as  substantial  funding  becomes  available. 
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NTR  Streamline  Development  Plan  Summary 


Fiscal  Year 

Establish  Safely  and 
jPerformance  Requirements 

|Generate  Design  Criteria 
Recapture  Technology 
Engine  Conceptual  Design 
Resolve  Design  Issues 
Design 

Design  and  Safety  Review 

Component  Fabrication  and 
Testing 

Engine  and  Fuel  Test  Facilities 
Design  and  Activation 

Design  Verification  Testing 


Qualification  Testing 
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NTR  Streamline  Development  Plan  Summary 


The  time-phasing  of  key  groups  of  activities  from  the  development  logic  diagram  shows  that  several  tasks  should 
be  emphasized  at  the  start:  setting  feguirements,  technology  rccaptufe,  and  establishing  design  criteria.  Tost 
facility  design,  construction  and  activation  must  also  begin  promptly  to  assure  that  the  10  year  schedule  can  be 
met. 


Rockwall  Iniarnatlonel 
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NP-TIM-92 


PRATT  & WHITNEY  DESIGN  CHOICE  BASED 
ON  FUNDAMENTAL  PRIORITIES 


Pfiorily 

1 Safety 

2 Refiabiiity 

3 Cost 

4 Performance 


Retention  oi  fission  products 
Robust  design/simple  operation 
Emergency  operation 

Design  life  = 4X  operational 
Fundamental  material  compatibility 
Positive  coolant  flow  management 
Retention  of  fuel/stoichiometry 
Low  developement  risk 

Ground  qualification 
Exploration  architecture 

High  thrust-to-^«eight 
High  specific  impulse 


PRATT  & WHITMEY  XNteOOO  CERMEt  NIRE 
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Pasgfl  gu  tJuniaiiii 

A pierciivil  1*1  a(i  A Whihicy  roiir(*|iltisil  N t tr ittfu  11  it* Iviifiliie.  litis  Im'i'ii  basjcil  ou  llic  iuiuiiitiiriital 

NASA  sttfrly,  u•U;^Uli«y.  sytul  |)riii>Mil;ili<-r.  Ilir  bsisli*  })iiilnsit|iliV  ii»«li*ilyln)(  llir  <irsi|tli  «l  tlic  XNllwiOOO  Is  IIm* 

iillit'/jilloii  III  Hilt  iiiOHi  irllsilili*  fill  III  lit  .tiitiaiil^ititi'mpi'ititiMi*  imiimi  tiirl  tmil  iit‘vrtM|uii<*iil  ni  ti  I'lm*  1*111  ill^iii  ill  ton  wlih'lt  Is 
o|illiiil/.c(l  for  tiiilfot III  power  ilislributloii.  iiprranfmai  Itexihliily.  |Kiwef  iiuiiM:uv(*r,il>itUy»  wtttfiht.  ami  robust iiess.  'Jlie  l*&W  N’lKK 
system  employs  a fast  speed  iiiii.  ceniiel  fuclccl  reoel 01  1*011  rifiiireil  lii  att  expander  eyetu  io  ensure  maximum  o|>craHona{  safety. 

'llie  ccniieiiuct  t<mn  provUies  reteiillbn  of  fuel  ami  fission  piiHliiels  as  well  a.<«  sliriifilli  for  a sliiipiiAfxl  strueluial  (ksl|>u  ami 
lolenitiee  to  power  iimt  lentpeiafurc  cyelUi}*.  SyKtein  leliabitity  has  been  aildie.ssed  by  (be  itsi:  of  rennet  bascit  fiicts.  iniKfemte 
reactor  teiiipcnil tires,  anti  a two-pass  leaelor  flowpalli.  1'lie  cermet,  retraeloiy  inHat  fuels  provlile  futidtiiticiiUil  iiiaicrlat 
compaUblllly  in  Uie  cxpccleii  operatliift  eiivli  oiinienl  iis  well  as  leU'itiloii  ol  itM*i  and  stok'litontelry.  'Hie  two-pass  reactor  lias  iMtcn 
to  a «1X  ltt'tvtrt|iiliniiipiii  timl  piuvftleK  poNitlve  ilnw  iititimiitiMenl.  A biiseltiu!  2&,(KK)  lit  tlimst  level  is  tiseil  in 

iiiliiitnlxe  ifrouml  quaUlkfatlon  costs  ami  niaxliiii/.e  ex  plural  ion  tttl.ssion  applU^aliliily.  Miially.  the  i*&W  NI'RB  has  been  tlcs^tied  to 
proylfte  sperlbc  impulse  at  a liitili  tliniKl-tn-wi*(pld  k*ve). 
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PAGE  IS 

OF  POOR  QUALITY 


XNR2000  SYSTEM  CONFIGURED  AS  AN 
EXPANDER  CYCLE 


Dual 

turbopumps 


PRATT  & WHITNEY  XNR2000  CERMET  NTRE 
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XNR2(M)0  SysJctii  ironllgHfcd  As  An  Expjiiidef  C*>tlc 

Tltecxpandcracie  wns  selected  fonte  piov'cn  rdinbiliiv.  tdmstncss  and  high  efTictena*  to  meet  NASA  requirements  The  XNR3(KM)  expander  c>-cte  rocket 
engine  uses  beat  pick>up  in  tlw  noz/lc.  chamber,  rcncctor  regions,  and  regenermive  cooling  of  (he  pressure  vessel  and  upper  plenum  Slivciufe  to  drive  the 
pumping  system  and  deliver  hvdrogen  to  the  lower  plenum  of  the  reacioi  core  The  rciicior  heats  the  hydrogen  in  a lwo>(iass  Row  coidiguralioii  aiui 
ddivofs  the  liydrugcn  pto|ielt:int  to  ilw  no//lc  diamlK:f  hdotc  c\|Kiiision  iliioiigli  a .IImi  .ncii  laiio  iin//lc.  The  reactor  is  comprised  of  an  mtier  ammliis 
core  of  9<1  Mo*U02  prismatic  fuel  ctemcnis  and  an  Inner  o hndncal  core  of  A I W-U02  pnsmmic  fuel  clcwcnts.  An  upper  reflosor.  inmgrat  with  die  fuel 
eicnicins;  is  iisodio  provide  axial  niuiiron  tellixtioii  and  isi  omiitivcd  of  FleO.  An  miter  anniitns  <d' lie  surrounds  the  reactor  and  serves  ns  the  radiai 
reflector. 

Tlie  baseline  XNR20(JO  operates  at  [^pcllnni  chaiiiber  icmpcmtim*  ,ti  ?r»7n  K and  chamber  picssnre  of  7iW»  psi  to  deliver  25.iKM>  lbs.  thrust  at  a specific 
impulse  of  seconds 
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PAQE  IS 
OF  POOR  QUALITY 


REACTOR  CONFIGURED  FROM  PRISMATIC 
FUEL  ELEMENTS 


PRATT  & WHITNEY  XNR2000  CFRMHT  NTRE 


^76 


XNR'MKI  Hrador  Is  t'lmHcuicd  Fuiui  iVtsmullv  FlrMionis 

A iiie«llni  phitie  rudJiii  fioss-sctrlioit  of  (iic  XNi<200()  Isslmwii.  Uiokln)*  iluwii  .it  Uie  engine.  I lyiirogcii  enters  the  nnler 
aiinnktr  ring  nf  furl  elrmriils  iimslia<tr<l|  llnws  ni>  ami  Is  itii'ii  tllret'Ird  lliioiigii  tlir  itiurr  eylliutei'  of  fnel  eUniiciils  fsliadal)  and 
Ikms  down.  Tlir  rr»ss  sniimi  (lis|ilays  lltr  hasrtine  roitdol  iipimKirii  scirHrd  Inr  ilir  XNI<20(10.  One  imsslble  upUun  loi  |miv((Ung 
redniiiliinl  leaelnr  stiuUUtwn  coUtrol  wonitl  lie  llie  (nsriltoii  tif  Hr  khIs  iiisitle  liu;  latllal  supimrl  tnlies  siiiiWii  In  Itie  medial  plane 
cross -seeUoti.  'Hie  i chIs  cmiltl  Im  liu'iiidrd  in  the  drstgti  In  pieveiil  inadveileiu  i t'aclor  excursions  during  Iransporlation.  pre- 
launclt.  or  Imnster  f liitisit'r  'I  hc  He  nwls  wmild  pim’tdr  an  liidepciuiciil  hark-up  sai'rly  iiu'eliantsm  tml  would  not  lie  used  lor 
leaclor  control. 


NP-TlM-92 
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CERMET  FUELS  WERE  PURSUED  FOR 
BOTH  PROPULSION  AND  POWER 


Early  cermet  failures  are  most  remembered  not  later  material  successes 
Program  refocus  to  power  applications  reinforce  low  temperature  bias 

Successful  demonstrations 

- 10,000  hrs  at  1 ,950k  (in  reactor) 

- 1 ,000  hrs  at  2,278k 
-3  hrs  at  3,178k 

-Transients  to  2,879k  at  i0,000k/sec  (In  reactor) 

- 37  hole  element  fabrication 


PRATT  & Wl  HTNEY  XNR2(KK1  GERMEl  NTRE 
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CsmtcUiuels  yy^rgjhjrsucii  For  Mil  ITounlatonjiiulJVtafX 

'ilic  liasirr  (lesIfjH  phH«*«»pViy  uscrl  In  lh<*  ilcvdnpttirni  nf  Hn*  was  4n  rtnploy  (lie  iiiasl  icilaUIr  Imin  tjf  ullralHfrh 

tciii|K;raturc  unctenr  fnrt.  llic  approaHi  used  lo  a<'f'mtipllsh  this  gnat  was  In  iiiake  use  of  tlic  extensive  data  aiul  iessotiA  lennied  in 
the  ROVER/NKHVA  Nuclear  Puei  and  Branlor  System  t}<*vrlnpineiit  Piogram,  Argoime  Natlrmnl  I^lioralory  Muciear  Rocket 
Program,  ai«l  the  Ueiiet  al  Kleetitc  AtWaiM'ed  Ntirlear  IVnIrct  7 It)  Pingi  am.  A RUitiiiiaiy  nt  lesidiA  of  cermet  fuel 

devetopnietii  prngraiiw  iit  tUOtys  and  dO’s  Is  indilislicd  In  two  stds  ur  refuais:  ANL-723U,  (iUdtijl  ''Nuclear  ttockei  Progratll^ 
Tennlnal  Report,  GEMP'600.  (1973),  "7.0  High  Tcinperature  Oas  Reactor  Progmni  Surtimary  f^potl".  Vids,  l-VI, 
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ORIGINAL  PA0E  IS 

OF  POOR  QUALITY 


paw  INTERNAL  STUDIES  IDENTIFIED 
CERMET  APPROACH  AS  SUPERIOR 


Constituents 

T melt 

Chemical  stability 
Matrix  Clad 

Hydrogen 

UO2 

3100k 

Solved*  Total 

Total 

Tungsten 

3650k 

Total 

Total 

Tungsten - Re 

3400k 

Total 

Strength 

- High 

Element 

Clad/matrix  CET  match 

-Good 

Conductivity 

- High 

Matrix/fuel  CET  match 

- Good 

Duclilily  (Cold)  - Adequate 
(Hot)  - Good 

*U02  stabilized  with  6%  Gd  or  Th 


PRATT  & WHITNEY  XNR2000 CmMfc  I Ninf 


»ai  Sltuilvs  hkitl  Hknl  £vnii«;l  Aiu.u  n.ayU 

Ceniiel  fiiH  inatle  of  t)02  <lLsp«rseri  in  Tuti^sien  nr  Molytiditmiifi  cladded  wUli  Mo  or  W batted  aUtrys  were  tested  at  ht|»h 
temperature  In  bolli  niiclriii  ami  noii'imcleat  em'iioiiimMtls  and  displayed  sii|iei  iiii  puilnimaitce  in  tlie  extuxted  opciaUu}< 
enviroumeul  of  an  NTKti.  Hetciitltm  nt  llsslon  )>rrMhi<  ls  and  fuels.  Ihennal  slKirk  reslslaiice.  Iiydro^'ii  cmiipaUhiUly,  lilf^h  Uiennal 
eondticllvily,  rkul/iiiattlx  ('iCrcotiipaUbUity.  autt  siien^Ui  ate  seveial  ma|ni  advaiiiaf<es  of  Hat  rennel  fticl  foiiii. 
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CERMET  OPERA  TING  LIMITS  CAN  BE 
ESTABLISHED  FROM  EXISTING  DATA 


1 emperalure  - k 

PnArr  A Wl  HTNEY  XNfl2lMlO  CERMtl  N KU:  VMM 


Ccnnci  Otf  Cl  aline  Cim  Ptf  EstabUslicd  Tnmi 

A pitUr^il  review  of  Uic  cemict  fuel  dercjopnicnt  |irn|frams  was  used  lo  eRlablisii  up<^ailtjig  limits  for  liie  jP&W  X2^R2QOO  reacLor. 
Tlu!  XNR:MX)0  has  a teniperalure  mar^n  of  350K  ttslui*  ilic  tecat  UO2  ineli  teiiipemiure  as  0 ^upoervaltve  upper  Uir\|ljoii  rector 
lcn»>erHluTe.  Tlie  XNR3000 1 tas  ati  ciMltiraiu'c  ui  1 1 he  01  <lcr  1 0()*s  of  tioi  1 rs  i.it  Uj*  sdeeled  operaUM^  Ifstipeiiuture. 
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NP-llM-92 


CERMET  FUEL  SHOULD  ALWAYS  BE 
INCLUDED  ON  THIS  CURVE 


25S15 


CcrmcL  Fiici  Sliould  Always  Bs  b}ylv«.^i£d.QiL3Ms  Cukc 

TIie’predtr.tr.d  ciidiirance  of  carbon  }i:ise<l  and  eei  iticUiascd  fu«(H  Is  sluwn  as  a Intictlon  of  pro|)eltanl  cxU  (ctiipcraiiire.  As  slit>wn 
In  Uic  Fli{ure.  Ihc  endnraiice  of  cermet  fuels  is  liide|ieiulent  of  o|)eraUiii;teui|K:ratui'c  tip  to  Ihe  metUcniperature  of  Uic  fuel. 
However,  the  endurance  of  carbon  based  fuels  is  a runclloit  of  propellant  teinperatmc  because  of  ^otcliloineliy  dianges  due  to 
chemtca!  dtlTuslcni  of  carbon  based  fuels  In  a hot  liydiojjcii  cnvlrmiinenl,  A cluiitge  In  the  tnecbanical.  Uienuat.  and  neulrontc 
characlerisUcs  at  Carbon  tiased  fuels  decreases  the  fuel  endurance  with  liici  easlng  operatli^  temperalure,  TIic  cermet  fuels 
display  constant  characlcristlcs  because  there  (s  no  fiiel/matrtx  diffusion  ami  the  iitaleiial  stolclitonietry  bt  constant  with 
temperature. 


NP-’nM-92 
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RESUL  TS  OF  NERVA/ROVER  RESEARCH  REACTOR, 
TESTS  WITH  TEMPERA  TURE  OVER  2222K 


Time  at 
temperatures 
over  2222k 
(sec) 

Maximum 

chamber 

temperature 

M.. , . 

Time  at  max 
temperature 
_ _(eecji 

Fleacilvity 

loss 

(grams/element) 

PHOEBUS-1  A,  EPIV 
(22  June  1966) 

651 

2367 

5 

? 

PHOEBUS-1  B 
(23  Feb  1967) 

400 

2292 

5 

13.7 

PEWEE-1 
(Dec  1968) 

2555 

(fuel  exit  temp) 

2400 

20 

NF-1 

(June  1972) 

2444 

(fuel  exit  temp) 

6528 

13.7 

PRATT  & WHITNEY  XNnZOOO  CERMET  NTRF  25059 


KsauUs  tfM^KiiVA/KOVivH  Hcscaali  liciTilui  V 


A short  Kiimuuuy  tiruU4‘ii  <|u<rtc<t  NKUVA/UOVlvU  tvst  irsuKs.  II  slwinhl  Iw  imlrO  wlillc  Him*  ill  h’nipprntiirc*«  nv«i  22S*i  Is 
high,  aiid  most  oitfiti  lti«  iiinc  at  iniiximum  lciif|K;iiitun*s  Is  oilcii  (ittlTc  low.  AdtllUoiKilly.  iueUetii|K;rilturc8  are  uHcil 

qiioted  nrltier  Uiaii  (lie  lower  hydrogen  leiupemtnres.  nddhiit  lo  the  conTusfoii.  Reactivity  loss  was  proven  to  be  a major  concern  In 
the  NERVA/ROVER  Pro|<ram  and  coitlil  sl|fniftcanlly  inneasr  llic  cost  or  even  prnhihli  ground  c|iiailficatlim. 
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NP-TIM-92 


PAet  fs 

POOR  QUALITY 


RESUL  TS  OF  NERVA/ROVER  DEVELOPMENT 
REACTOR  TESTS  WITH  TEMPERATURE  OVER 2222K 


Time  at  temp 

Max 

Time  at  max 

Reactivity 

over  2222k  (sec) 

temp  (k) 

temp  (sec) 

loss  (cents) 

NRX-A3  (23  AprU  1965) 

5 

2244 

3 

22.3 

NRX/EST,  EPIII  (2  March  1966) 

75 

2292 

5 

NRX/EST,  EPIV  (16  March  1966) 

110 

2264 

5 

46.7 

NRX/EST,  EPIVA  (25  March  1966) 

816 

2264 

450 

282.4 

NRX-A5,  EPIII  (8  June  1966) 

473 

2286 

7 

22.5 

NRX-A5,  EPIV  (23  June  1966) 

873 

2333 

7 

212.3 

NRX-A6,  EPIllA  (15  Dec  1967) 

37G4 

2405 

10 

70 

XE-PRIME,  EP5  (March  1969) 

10 

2278 

5 

PHAH  & WH^TNCY  XNH2000  CERMET  NTRF  aseoo 


PRA  TT  & WHITNEY XNR2000  DESIGN  TEAM 


Project  director:  Randy  Parsley  (P&W) 


Pratt  & Whitney 

Steve  Peery  (P.I.  systems) 

Russ  Joyner  (Missions) 

Alan  Dixon  (Mech  Des) 

Samim  Anghaie  (Nuclear,  T.H.) 
Gerald  Feller  (Nuclear) 

Mike  Malone  (Materials) 

Paul  Harris  (Materials  consultant) 


Babcock  & Wilcox 

Kurt  Westerman 
Steve  Scoles  (P.I.) 

Russ  Jensen  (Materials) 
James  Rhodes  (Nuclear) 
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XNR2000  CONCEPT  CONFIGURED  TO 
ADDRESS  P&  W PRIORITIES 


• l^ast  spBctfurh  g£NMET 

• Dual  pass  readtor 

• (Robust  and  safe 


PRATT  & WHITNEY  XNR2000  CERMET  NTRE 
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2CMl^QQQConi:eui.Cttnfmuicd.3i?.AdUrc59i!&Wri(<?rH«!:ii 

A conceptuiil  iU«:l«ar  tlicnimi  iwkel  INTHK  the  XNH2(H)0.  ha.sheeti  devektped  Air  ittatined  spare  expk)rH(ioit  mtsstdiii^.  Tiic 
discrfiiilliaiiniJ  features  of  Hie  XNIR20dO  that  provide  allraclivc  aUrlhtiles  are  the  use  of  Cclltfdt  fiid,  a dilal-pasa  rdddior  floWpalls, 
Hful  a simple  rointsl  ryc'le.  Ah  XNR2(XK)  system  drsi'rlplioii.  rrartjcu  ilirtiiial  Itydiaidlc  siiihiiiidy,  niid  btidfaMtij{ 

Icmpcratufe,  and  Himst  size rlieels  will  be  preseiiled.  'Iliis  parkagr  presents  llu:  smiuhaty  ol  a G thoiHli  lUthted  stmly  to 
develop  aiul  assess  eoncept  feasttilUly,  tluiist  level  iaii|<e  impUeatlous,  aiwl  maimed  tiitesum  tiiipaeAs  isf  ah  IfTR  system  based  oh  a 
prlsniallr  Ccnnet  tearior. 
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XNR2000  CONFIGURED 
TO  MEET  NASA  REQUIREMENTS 


Isp  > 860  sec  (at  200  area  ratio) 

T/W>4 

Throttling  25%  at  rated  temperature 
Single  burn  duration  60  min  (max) 

Engine  life  > 270  min  at  rated  thrust 
Remain  subcritical  upon  impact  and  immersion 
ALARA  fission  product  release 
Dual  turbopump  arrangement 
25k,  50k  & 75k  Thrust  size 

l»MA 1 1 & Wl « I Nl  Y XNI  WUiUl  t ;|  UMH  N 


X^B2SKMJ£mto!riai.To  M«*l  NASA  HPdHirfuinMsi 

*rtte  XNK12(MK)  Nuclenr*nit;iiiiiil  Kuckc.4  N'lIyK.  w>is  (o  iitrH  at  cKrvt'tl  (he  pcrroniiaiire  rcqiiireiiicnls  of  a man* 

rated  NTU  System.  'Hie  |>rn|Mitsiuii  retiulreiiicfits  list <*<1  are  deset  iltcti  Iti  deiait  in  Uu*  "Ntiekar 'niei  tiial  Hocket 
Requli«meu(s"  doc^mutnt,  version  3 Febnimy  It),  'liie  liaseline  Hi  nisi  ^i^.e  was  set  al  25,<KK)  lb.  niid  0iru3l  Size  fflerls  were 
(leletaUlted  kn*  englmm  »l  luid  TU.iXlO  tl>.  at  Suiety  uiid  rellabllNy  me.  key  NTUIC  }mi|Htlsinn  ret|tilf'eiiirii(s  for  ihe 

iiiaiuicd*mtSKlttit  Spare  eKpImulkm  npiiUciiUuiM  and  were  euiiskieicd  iomiiosl  in  ihe  e<mcc(ilual  design  rtf  (he  XNH20(K).  11ie 
reactor  fuel  and  s}uu'.(riiin  selecUon  was  specincally  ditdalrd  liy  Hie  AI^RA  lis.sinii  product  release  and  rear.lor  subcrlUcallly 
reqtiJremeiils. 
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Ci^lOSNAL  PA@E  IS 


P«ATT  & WHITNEV  XNR2000  CERMET  NTRE 


3ttiR2QD,Q  Sysi cm  Canfitf tired  As  Aa  E«tfamlEr.C;yilc 

Ttie  expander  cy«i«  was  sclecled  for  iiie  proven  rrlfobHHy,  rnlmslttess.  hi  id  til^li  elTicleincy  fo  meet  NASA  reqiilrdtiienls.  I'lie 
XNR2000  expander  cycle  rocket  enj*lne  uses  heal  plrk  tip  in  the  iioxxlc.  cha miter,  trflerlor  kef(liiiis.  aiid  ireiRcnerallve  Cooltiig  (if  iifo 
pressure  vessel  and  upper  pleiiuiil  strncinre  to  dtivc  the  pimipiti|)>  sysletii  and  <tclive.i'  Uytkufieh  lo  the  l^er  |denutlk  nf  tlie  reiurldr 
core.  The  reactor  heats  the  hydrogen  in  a iwo-pass  flow  ciHtflguralloli  ami  deiteeis  the  hydtlngen  projpetldiilt  lo  liie  hprale  chamber 
Itefore  ex|istiist»n  through  a 2(X)  area  ratio  lutxxle.  'Hit*  hi  rotnprlsrcl  of  an  otiirr  aiintilits  coie  ol  ^ Mo^U(Til2  prhaitntic  fuel 

eleinenls  ami  an  Inner  ryfotdrlcal  core  f if  Hi  W-U02  tii  tsiiiatir  hirl  rieineiil.s.  Aii  iippcir  rcllector.  Iiitegnti  witb  Ihc  ftiel  elcitienls.  hs 
tiscfl  to  provide  axial  ticnhoii  rcliciilim  and  Ih  I'onipii’M’il  nl  H<*0.  An  onh‘r  aimitltiM  of  He  SiittOiiliila  tlic  irachir  iiiifl  aeivea  as  the 
nullal  leiltHttoi . 

the  baseline  XNR2000  operates  at  propcitani  rhnmhet  leiiipet aline  at  2H70  K and  ehamtter  })iesstlrc  of  766  pSi  to  deliver  26,000 
lbs.  Uinist  at  a specinc  fmpuise  of  900  seconds. 
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REACTOR  CONFIGURED  FROM  PRISMATIC 
FUEL  ELEMENTS 


PRATT  & WHITNEY  XNHZOOO  CERMET  NTRE 


25378 


Khmh  r>|y>hiUv  Esirt  K-lmiuaiia 

A- medial  radial  rross-serlion  or  Uit'  XNU2000  NTHE  is  shown.  IxinkUi^  \iuwn  id  Uic  euf*ine.  hydrogen  rnicis  I lie  miiw 

annular  linj^  of  furl  rlrmniis  (unsliatirdf  tiows  iip  and  Is  llini  diirrird  Utioti^h  ihr  iaiun  ryUndrr  id’ fuel  clrinriits  IshadctO  ami 
flows  down.  lUc  ciiws  srrtlnii  displays  the  hnseiliir  rout  t id  approarh  .srlrrlrd  i»i  Ihe  XNH2000.  One  puf^ihlr  option  fm  piovtdiiiK 

rediindaul  rcarUir  HhiUtUiwii  iionlro!  wnitld  br  ibe  insi-iilmi  «f  Ne  nwl^  Inside  Hit*  nnfliil  siippoil  Hibew  Hlinwn  la  Uic  medial  plnuc 

(*ioss-.HiH:flmi.  T’lu!  iihI.s  tronUI  hr  ItuTudrd  in  thr  drslnn  to  jHrvrni  tnadviOlriil  iriiHot  rxi'tirsloiiHiluilnM  trtiiispmiillion.  pto> 
laiiiu!h.  til  iHHMirt  tiansiri.  Tin*  Ihr  mds  wotdd  piovidr  an  iiidv]ii'ndt*nt  liarh  n|i  salrty  liUM'hmtl.sm  hui  wntild  nut  hr  ii.Htaj  liii 
iracloi  cuiiirul. 
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NTP:  System  Concepfe 


Ttw  cairn Ijijlnl  values  nf  syslciii  by  1‘inU  fit  WhIltM'v  ralf'tMaMniis  «l  rc)iM|McU*il  by  nnlicn<-k  fit 

Wilcox  OJA W)  mid  An*miiic  Naiiorial  Uib  {ANb|.  I’l  al  l fit  WbMncy  used  ImHi  a Id  cnci>*v  roinbiiWf/vciiluic  dlfluskm  taalc 

analysis  and  MGNP  siaUsiical  code  analysts  lo  calculalc  AMI,  used  M('NP  s(allsUcai voile  analysis  pmceduncs  Ip  valculalc 

Ken 

The  Jilotof  Be  raiUal  vcUecb»r  Ihiekness  vs.  inr  ibr  i>nsrltne  confiKuraUon,  displays  Ihe  Mroilii  of  leactlvay  fm  Hie  reflwdor 
under  approximately  3f1  cm.  lids  curve  Indicates  IJial  the  systcin  can  he  ront roHeil  wdh  ueutmii  rellecljlon.  ilie  baseline  system 
employs  an  iK  mi  radial  M*-  rcIlciTor  and  a 2{)  cm  Ut-C ) axial  rrlicHoi . 
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PAGE  IS 

OF  POOR  QUAUTV 


XNR2000  SYSTEM  CAN  BE  CONTROLLED 
BY  RAISING  REFLECTOR  SECTION 


PRATT  & WHITNEY  XHR2000  CERMET  NTRE 


25447 


XNRgPQO  §ysici/.i£a»  Pg  Cvnirailgdl^y. 

TTic  baseline  cotilrol  ajipro.irh  was  ijciif^ned  to  pi  tJvUU:  lulmsi  learioi  emit  ml  wllli  ttilnlmtun  citmplexily  and  wci/<iiL  'Hte  cmiimt 
nf  the  reat  Uir  Js  areontplislicd  vary  iiw  I hr  nriii  mi  i- leakage  late  means  ni  HMSYMBOL  170  \f  "Syiiibon  moveable  ammlar 

segments  nf  the  radial  lellerUir.  'nie  lower  imll  nl  earli  se^uuuU  iHshdUmaiy  while  the  np|KT  linli  Iranslnles  axially  (ci  piYwlde 
reactor  enntrot  Uimiigli  the  ’'opening  of  windows".  Nuclear  couirul  is  provided  by  I hank  of  3 sc#»iiiciils  while  rasl-shtildown 
rapHhlUiy  Is  |WOVidcd  l>y  llie  olhrr.  fiiile|irndeni  , h:iiik  i»f  .'1  sej(it!cnls.  T’tw  sidecied  emit  ml  appmaeh  piovides  liic  most  reaellvily 
worlit  lor  (lie  seledeft  rcIVrlor  sixe.  Ihiis  iimximivJn^  lhiu.s(  iu  wef{<iil.  I ht;  n-iterUti  segments  are  diivni  1>y  piieumallr  pistmi-tyiK 
drive  tticciomisitis  whlcii  inovlde  liiicar  ai-.tiialkm. 
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NTP:  System  Concepts 


PA0E  IS 
QUALITY 


ALTmNATE  CONTROL  OPTIONB 
ARE  VIABLE 


OQnventiQPal  drums 


~g~  total  "-  5% 


Rotating  windows 

pR/^rr  & wMiTNty  KNimurcirRMcr  nijif 


Allendale  Control  Options  Arc  Vlalilc 

*nic  bas^Un«i  oonltpl  appruacU  was  jwUoUd  lor  sUiipUrUy  a»w\  rcfVnrrr^  Uwvcv^i  pYher  ^ VteVite  fpr  the 

;mri201)Q-  5lwvy»  li«re  are  two  such  approarhes  wlili  a pieiimiiiary  calculation  ol  leacllvjiy  w<>rll|  CotUeinpMmry  cpntrgl  flrMips 
cop^lsUnf*  or  Rc  with  puiUal  scjjHicnls  of  Kc  poison  material  could  provide  sii(|lrJcn|  MCJlaUVC  rcac|iv|ly  Ifiscriloh  ftircpiUrol. 
/hhiitloiiRUy.  Ill*:  use  of  rohiUng  clriiius  wjili  sftjjflnenis  of  void  conltl  be  pset|  l«  pinvirle  roiiirol  llivnndlrticyirpn  leakage  in  a 
rqmi«M  Unmi  conliftnraMtm.  'n>*i  oiMlmiiin  cniilrid  «( XNitamKi  could  he  achieved  through  |hc  couihinaWoii  pf  mf  odUt  Ihrcc 
approaches  presciiled.  providing  nur|car  roiilniI  wllh  niaxlniiitn  rcduiKlaucy. 
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NP-nM-92 


BASELINE  PROPELLANT  SYSTEM 
CONFIGURED  WITH  DUAL  TURBOPUMPS 


PHATTS  WIIIINRY  NUM- 


BustiUiie  Propeltanl  Syt^euv  ConfigtJTCtV With  Dtial  *rNil)opuini>s 

A flow  schemalic  of  the  baseilne  ef4'liie  is  shown.  Dual  turhcip(»u))s  arc  eun)ioyeU  with  i|uad  valve  arraiigemeiit  s to  maxhnl2« 
system  reliability.  Each  lurhopiiiiip  delivers  5<W<>  of  Ihc  lolal  reador  ilow  ami  can  be  isolaled  with  block  valves  In  case  of  a pump 
out  coiHllUon.  Tlie  quad  valves  consist  of  2 block  valves  followed  by  2 control  valves  arrar^ed  in  parallel.  11te  2 pumps  pressurtee 
and  deliver  hydrogen  to  Ute  noiodc  coolanl  tubes  and  rrnedor.  Tlie  healed  hydrogen  Is  (lien  cximnddl  ihrPMgh  the  Uti hide  and 
delivered  to  (lie  reactor.  Prelititltuiry  ItivealtguUons  luiticntc  that  the  ayalem  i.oukl  ojjcnile  n(  76%  ihniel  during  im  engliiQ  out 
scenario.  After  engine  operation  pulse  cooling  of  the  reactor  is  provided  wlUi  prcssuilxed  car  lank  head  hydrogen  tltroiigh  Uic  pulse 
coottng  quad-valve  to  rcniove  lesdduid  lieul  general  loii.  An  ciiicigeiKty  pre.ssui  l/.ed  liydi  ngeii  lank  would  provide  |>ress»ift?.«! 
iiydrogcu  to  (he  reactor  under  a 2 pump  out.  reactm  ciitlcol  cumlllloii 
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NTP:  System  Concepts 


XNR2000  EXPANDER  CYCLE 
IS  ROBUST  AND  EFFICIENT 


CERMET  ADVANTAGES  ESTABLISHED  IN 
GE710/ANL  PROGRAMS 


Payoff 

Reduced  risk 
Life,  FFP  retention 

Thrust-to-weight, 
robustness 

High  temperature  operating  Specific  impulse 

capability 


Characteristics  confirmed  by  B&W 

PRATT  & WHIt  NEY  XNR2000  CERMET  NTRE 


Characteristic 

Demonstrated  fabrication 

Fuel  matrix  / cladding  / hydrogen 
compatibility 

High  strength  and  conductivity 


T4ie  XNU20(lt)  builds  U|niij  (be  expel ieiicc  iiiid  <lul abuse  ul  Ceiittel  ltit;is  (ililaltied  In  (be  CiC710  iimtANL  lH tomtits.  Ttie  biHt 
S|)cciruiu  Cemiel  (uet  fovni  was  sclet'tcd  tti  iturel  I l ie  eiiiiliie  i'eqiMi’cmeti(»  «i  AiARA  Ittel  atid  fission  iit  odiicl  release.  iiiiilUplc 
leMart  eapablllly  aiid  stibcrlUcallly  under  credible  aceidcut  see.itatius.  Dining  tbe  GE710/ANL  programs  the  Ceniiel  fitei  fnnn 
displayed  tolerance  to  excessive  tciiipcralurc/ppwcr  ntiiips  due  to  (lie  lilgti  sirrngUi  and  eoiulucitvtly  the  rcfractoiy  incta! 
matrix.  Addittonally  Cermet  fuel  display  complete  coiiipatlbillty  In  the  expected  iiol  }12  operating  cnvlroninent  as  well  as  cladding 
arid  fuel  inalrix  CIB  compaUblUly.  Flnalb^  the  XNR2000  Is  based  it|mn  a fuel  ronii  that  was  successfully  fabricated  and  tested. 
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NTP:  System  Concepts 


PROPOSED  FUEL  ELEMENT  CONFIGURATION 
HAS  BEEN  UPDATED  _ 


Current  baseline  Previous  baseline 
37  holes  169  holes 


PRATT  & VVMI’^^Nev  XNn^VMWiCEnWET  MIRF; 


25410 


hui  WcniriU  ‘ th  ru 

Sul>sc(|tirit(  U*  thr  Mhl  in  mi  I'V'aiiiallmi  ol  Ihls  s|ii»lv.  Ihr  Jinr  riiiir  r|tt  h.is  he  rn  lo  a U«*l  clrtiu  iU  lras«*U 

on  demmi^,Vis»\i;4  ic:i  li!ioh»i'lrs.  liu*  basrluir  luH  hum  iin  <miui,Ucs  :\7  liiijje  (HainHcr  roolanl  i liaiincis  comj»aml  to  HU)  sfiialt 
illaitiHer  cootaiit « haiuirl:.  iitillally  rrHishimMl  i(»t  Nils  ron<  i pl  The  max.  t»|ii*rallnj»  fuel  lt*niju*i;Uuic  was  inaliUalnftd  al  2fl80K. 
wH)  within  Die  rxpctlmrMf  at  Halahasr.  lirraiisr  nl  tin*  iiirira.srd  Dirtinal  paNi.  Ittrl  ri'iih-iIliH*  In  f'lHilant  rhaiiiicl  »iiii'»rr.  ltd  wren 
Npe  liirl  foiitis  Uir  irarhii  rxll  i>ii>|»rnaiil  li  iinirialiin*  usis  trtlMu  d hi  '2<il»UK  liom  'iKhOK.  This  i hmnhci  Irtniirralmr  jiiiivhlrs  an 
Isp  level  oHJOO  artromls  vvlNi  Hie  gieally  In  exee.ss  nl  Uir  NASA  in|nlirmenls 
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G-RlQiMAL  PAGE  IS 
OF  POOR  QUALITY 


NP-TIM-92 


BASELINE  FUEL  ELEMENT 
WITHIN  FABRICATION  EXPERIENCE 


Pmomotor 

tnnor  cnro  olmiiniil 

Oufor  core  olomoid 

huii4>et  oi  ^ deritenis' 

*’  61 

00 

Ol^ance  across  iiats  jn] 

1.401(1. 

1.401a 

Oiaraater  of  fiow  hole 

,14ln. 

.t4ln. 

Rowholepflch 

0.215ln. 

0.215  in. 

IfiliJuiosd  d«(tw  lirtMi  11} 

Oim^ln 

0.007  hi 

i liickn^s  at  extetnol  caa  iW| 

6.02  hi. 

01121(1 

Mtiinbar  of  flow  Holes 

37 

37 

Fuel  matrix  materials 

U02-W"Gd?0a 

UGHito-GdaOs 

Metal  In  hrei  matrix 

w 

Mo 

Fuel  can  materials 

W-He 

Mo-Be 

Flow  tube  msdetia) 

W 

Mo 

93(1 

83.0 

i/ui.  tmcUoivdt>%^ 

08 

0.6 

Vc4.  Iroctkm  oi  Gd^Os  In  (u^  mMiU 

0.06 

O.OB 

Vd.  tr0cUon  of  nio^ 

0.34 

Vd.  fiaciion  oi  nolii  cxteitialcmi 

l - „ > . ^ 

6.S0 

V»l.  tmetioo  »t  nwtiiUn  exlomtii  cutr 

Ti.rn 

6.0U 

Ffciw  Me  void  frocllon 

"6.3425'  ' 1 

654^ 

iotai  cote  power  |MW) 

510 

totd  cote  votume  ID 

101  1 

Active  core  votunio  tL) 

66.47 

Heal  transter  area/tolat  (tow  area  ' 

1447,3 

Fuel  dement  height 

241n, 

Radial  relloctor  (fle)  thickness  i 

7.  J In. 

Axial  top  leliector  (OeO)  Hricknoss  l 

7.37111. 

W sheet  thidtness  on  Inner  core  Ixrtiom 

Ur. 

PRATT  & Wl  IITNEY  XNRPOno  f IFRMFT  N1 RF 
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Hasctlnc  KufiKiouciits  WJMiJm  KaluU  feLsticikuyc 

TlieselerlecI  hnseiinc  prinmaUc  Ccnncl  (uct  elcmciU  is  hascxt  oivtlnnonstiiilctl  'Hk:  otilcrrorc  fnel  elements  ctittsUl  of 

GO  vol%-U02‘Mo  ttiel  iimtrix  eonlaliicd  wiUiUt  M«“5tl'}&  Ue  external  r.ore.  Ilie  liiiiei  cmc  fuel  elements  consists  of  60  vol%  U02-W 
fuel  matrix  coiitaineil  within  a W<2G%  Re  exleniat  cote.  RhetiUim  lias  heen  tncnr|Kirnlc<i  Into  the  external  can  dcslf^is  to  decrease 
the  duellh1c-lo-brHlle  Iransllioit  ietnperalnre  and  imivldc  adet|uu(e  dueUlHy  for  t^dlc  Itte  r«|ijlrcinenls.  All  fuel  eiemeiits  tiave  a 
hexagmmt  rnws  section  with  a 1.4  liicti  lliitdo-llal  tllslmiix  and  contain  57  coolant  channels  .14  Inch  in  dlaiiieier. 

Tins  coolant  channels  arc  coaled  wllh  the  refrarloiy  metal  conlaliicd  wttiilu  the  niatilx.  U02  is  siahilised  with  6%Gd03  In  txith 
cores  to  provide  fuel  stablllxaUon  and  pje vent  fuel  inli^raUon.  Fuels  eletnettls  uf  Uifs  tytie  were  successfully  fabricated  and  tested 
In  Uie  early  70's  with  technology  ttial  can  be  easily  recovered  and  enhanced  with  a core  recent  fabricated  techniques. 
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NTP:  System  Concepts 


AXIAL  BEFLECTORB INTERGRAL  WITH 
FUEL  ELEMENTS 


Axial  inicgml  WMIt  Fngi  PfeoiL-ias 

Tlift  pf  isitiatlf  (Un  iurt  |iid  eh'ifirni  l<tr  ilu*  Imirr  « (»r«  Is  showii.  I hr  iixiiif  HcO  rrih'rior  wiUl  Hh:  lti«l 

deiiii^nt.  coiilaiiteci  wlUiin  t|i€  sainc  structiitHJ  support  cxi<:rnai  can.  Tlie  aiinchmctii  sccltoii  is  nsed  in  a suppoit  ^tcm.  Tlie 
loaded  section  of  the  tod  cicincnt  Is  24  inches  |(il  cm.)  in  Icuf^lh  and  tl»e  axial  reflector  Is  7.9  inches  (20  cm,|. 
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HIGH  STRENGTH  FUEL  ELEMENTS  ALLOW 
SIMPLIFIED  CORE  SUPPORT 


lUtili  Stren4li  j- iig|  f 


llic  XNl-CttKK)  is  wA.  sMstxiiUhJc  U>  inuCctial  ttculroiiic  licraiisf  ol  iIh*  liust  stH*cliuin  oik:i ulluu  <il  U«nea<A«»r,  'Ihriftiore* 

})l^h  sircii|*tti  rcfracioty  iiw.iate  c.a»i  l»e  itsnil  in  boUi  lla;  f»a*l  iihiIiIx  uikI  snppoH  slrnrltm^  to  riimiiiale  Ifie need  for  lie  uicts.  The 
baseline  roiireptital  coie  supiiort  dcsi}(it  Is  slmwti  lw!»w.  rite  furl  rlniimts  ;nr  sjiniily  sup|M»i|ed,  ai  Ihc  liy<lrn|*eii  iiilel  end.  to  the 
siifiptal  filjile  wllll  a Ihieadcd  fuel  elemeiil  irlolnn . I lie  liiel  eiiMiirtUs  me  pim  rtl  in  triistou  hcransi^  of  pioiidlaiK  fi itiloti  and 
nmdenitimint  pressure  drop  wliliii  aels  lo  Ineieasi:  ItiiMialurai  liei|t«aM  y of  tlie  iuetekstHMil  m»d  rednee  Uie  |>r«|>ei».sUy  for  flow 
UuiuccU  vibmUim. 
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NTP:  System  Concepts 


CONCEPTUAL  CORE ASBEMBLY APPROACH 


— Upper  pler>um  eap 

— Outer  core  fuel  element 


Inner  core 
fuel  element  - 

“ Irvner  core 
support  plate 


Outer  core  annular  support  plate 


PRATT  & Wt  U mEY  XNl  WWiO  GHRMEJ  H MW. 


CoiiccpiinO  Asscipbiy  A»pr.flacJi 

Shown  bplow  is  Uie  cont-rplual  inner  aiwl  ouler  rmc  |iir]  rlrinetU  siiji|)i)it  apixoach.  ‘Ilie  outer  cure  eleiiicnls  arc  siitiply  sup|iortcd 
at  their  cold  end  by  a tower  |fiid  plate  whicli  Is  lx?U fd  In  the  liiiier  preasure  vessel.  The  outer  <xire  dfiiMSiUs  are  allowed  to  translate 
Uiroiitd)  the  upper  suppott  plate  to  altow Tor  axial  Ihvivnat  Ilie  Inner  core  fuel  elemcnls  are  rigidly  attaclicd  at  Uielr  cokl 

end  by  the  upper  jjrld  |ilal<r.  TTie  iippcr  gild  siippml  pinlir  l»  i«  Uic  liimT  {iresHiiic  vejssel  wllb  addlUoiml  9Mp|»ort  piovUicd 

by  axial  sinds  attached  to  liic  upper  plenetn  liead. 

A tuiv^leii  sliiond  will  be  used  between  ttie  two  i-ntrs  to  art  as  a ihrniia)  tiiiine  and  provide  a rniiipresiivi;  spring  preload  agatofU 
rmltat  Inner  rnre  I'nid  elemrtil  growlb.  T1ir  Inngslrii  shtnud  will  ( niilitnii  In  tlie  hfxajpinalrinHS  Heeitnii  itl  Ibelitri  rleineulH  aiul 
exleiHl  Iriiin  the  upper  siipiMiii  pitile  to  flir  iur/y.lv  riiatnhn  . The  Hlttoud  will  transit l<m  Iniiu  a hexiignital  rinm-neeltnii  l»  a rlirttlat 
cfuas>siM'ituu  111  dittttdwr  region,  'ilic  m>z7.le  ronbuM  tulies  wlH  run  bchiiul  tlds  dirmid  In  a clicular  pattern  to  piovulc 
chainl>er  cooling. 
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AXIAL  POWER  DISTRIBUTION  PREDICTED 
FOR  THERMAL  HYRAULIC  ANALYSIS 


PRAl  \ & m tM  NtY  XNH^JWOCfinME  T N J RE  2S380 


'llic  |irctllc(i‘d  avirra^c  uKlat  jitmcr  hiHuts  l‘ui  Itur  Inner  umi  miter  l oii-.s  aie  sliitwii.  Mic.se  }i(iwci  piulilcs  were  delcniUmd 

using  Uie  3*l>  tliiruslim  Ihcoiy  code^  BOLD  VEN'ruUR.  -.imUinicbniaiket}  wwh  JVU.'Ni*  slallsticaj  codes.  Hie  limcr  cure  |KWcr  proille 
decreases  al  liie  exJl  of  I tie  reactor  wltet  c ttir  leiiiperul  iircs  are  Uic  hlglM-.sl.  1'he  stiai^>  Itici  ease  In  i»iwcr  at  ilie  Inner  core  inlcd  is 
caused  by  the  BeO  axial  relleclor  localed  directly  almve  the  reactor.  These  luiwcr  profUes  wens  detennlned  to  conduct  a cmjpled 
nculrmilc/tliennal  hydraulic  analysis  of  the  XNIt2<)00  reactor. 
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NTP:  System  Concepts 


PEAK  FUEL  TEMPERATURE  IS  MAlNTAmm 
BELOW2900K 


PRAIT  & WMUNEY  XNR2000  CEBMET  NTRE 


iVak  yiitil  2UW 

The  ealculalect  pmpeniiiil,  fuel  surfar^  anti  fuel  ceuJei  lme  (eiii{)erature  fllstrlhuU»n  wMlMn  Mw  X^B2<^  realtor  at  rull  power 
uperaUii^  eomJlMtMi  Ifi  shown,  'llic  ieiMiHri  iUiiie  fllsttlhiitioti  Is  ploUetl  aj^alitsl  II le  ie^elorf:fH)laiil  l{qwt»^li  W^iioti. 

where  0.0  «tiries|M»mLs  h>  Uic  wiier  core  Iniel  nml  \ .0  l oi  t es{)<iiuls  Ip  lh«  l*ir»pr  enre  exU . Tlila  leiii|ieralpre  tlJairfbU^n  was 
ealcululpil  ushiiJ  a oijie-plM>rtisifiiiiii|  ronplccl  nieiiiial  Jty<lriii>iic/iicnlron||e  analysis  1»eiM‘|ii|«i|jk^  wMh  deiaJled  a-rtHiuNisloinil 
coiripulaMona]  IImIM  dyiiamios,  CFD,  procwhirps.  As  shown  in  iiic  0|ture,  the  iiiaxiinuni  leapli^d  In  Uie  Inner  core 

is  2880K  and  2<W0K  in  the  Miner  core,  ’Hiesc  nmxMmtiri  fnr|  ternperalures  were  sGlec:let|  fpr  deslftn  operation  tp  exc^  life 
reffMireMients  aiul  assure  |his(Uvc  nsstpn  product  ami  fuel  leleiitlou.  A propcilaiil  cliainja^r  tfonperatiire  of  2<Mjbk  was  calculated 
iisiti^  a 2880k  max  fuel  irm|)eraluie  as  the  upper  lluiH. 
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DUAL  PASS  REDUCES  FUEL  TEMPERATURES 
AND  AXIAL  THERMAL  GRADIENTS 


13u;il  riis;>  Hcdtirrs  Tih  I 1 i mfurmtiijiis  And  AfLtan  hrnoal  Onxhculs 

'llic  il|(ure  (Itepliiys  several  benefits  of  the  dual  jmss  reactor  How  conflKuratkui.  'I'be  dual  p;jss  provides  red  need  axial  (liemial 
^radiciils  in  Ute  fuel  elements.  As  shown  In  llie  figure,  a leiiiperalttre  i^utdleul  of  I500K  ap|iears  across  Uic  outer  core  elemeiUs 
and  a gradient  of  1 lOOK  appears  across  llic  Inner  core  eletiieuU.  In  the  dual  pass  coiinguratlon.  However,  in  a single  pass 
conflgurallon  a Icmperaluic  gradient  o|  2600K  ap|»ears  across  each  fuel  clcnient.  Tl»e  dual  pass  flowpath  reduces  the  axial 

mcnnal  gmnieirts  Qf  Hip  Flrmpnls  by  a|»|»rnKlmaUMy  r«litriiiR  Uiuniial  jilicfiws  niid  incrfaslngfucl  lolcrariGc  lo  pnwer  cyclUig. 

Addltloiinlly,  in  n diinl  paw  rcaclor  iiiox  fuel  leinmn  atuten  are  rrdneed  l»y  nppi’oxiiniiirly  l60{8YMnOh  170  \r"SymlMinK  for  equal 
IHopcIltint  chandler  Icfitpt'taliires  and  power  <lcuK«y.  IhH  is  a icsiiil  o(  iiH  ieasrd  liwd  Htix  and  dex:fcas«‘d  c.oiivei'llve  heaMniiLsrci 

tn  the  single  {Ktss  coiillgurulkm.  (or  e<|ulvalent  leav.Ua*  )u>wer  tUtnsUy  levels. 
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a'3 


PAGE  IS 
OF  B|lOR  QUALITY 


PRELmNARY  UPPER  PLENUM  CFD  RESULTS 


Stream  (unction  o(  let-tnicfuced  Bow 


PRACTS  WJinNEY  XNRPOOnCERMET  NTBE 


A Cmii|>iit:iflnMal  Hulil  (CFt)|>aiiuiysls  was  i diulurtcd  lo  vvalhiiU:  {!>«  How  dlslrihuHou  ajKlJicat  trnii^er  izi^yieXNK^KK) 

rcaciur  coolant  eiiauiirls  and  upper  {item  iiu  i e(^)uti.  l lic  jircair.lctli  lUwfc  dlstrtrniBtmb  hi  tlw  tip]»;r  plcinuin;  Is  shovm  below.  'Hns 
r«S(iUs>oi^lbc  CPU  analysis  were  iisctl in  the  ttppet  plisiititMlcsiMn^atid  in  lienchtiinrk  the  one  (tiMiensiunHi'theiniali  hydraulic 
reaelnr  analyses. 
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NP-TB*-92 


XNR2000  RADIAL  POWER 
DISTRIBUTION  CONFIRMED  B Y B&  W 


PRATT  & WHITNEY  XNR2000 CERMET  NTRE 


2S4M 


2CNR2Q(jQ  Ract<;H  (XsirrtxitUm  Cmiflnttrtt  Ry  li&W 

'lli«  fiilculiited  niflwlsc  nuitiiiinmi  |k»w4;i  <tl.smluttimi  wtlUiii » srftiiH'iri  nt  symmiliy  o|  ilw  XNR2CXJ0  ir.icloi  Is  siiuwii.  Close 
af(rectiiciil  hclweeii  llic  cakriilatecl  results  of  lYalt  A Whitiioy  aiul  Baluxit'k  A Wilvnx  Is  shown.  As  expected,  Uic  maximum  power 
penk  of  the  tuner  core  fippeuiw  lU  the  cetiler  of  the  wiilte  the  |i<iwei-  prak  „f  (He  outer  «»ie  H|i|teiira  closesi  lo  the  nidia)  Be 

I cllcrtoi . niese  rcstiils  were  usr.4i  l«  t lie  llicui lat  liyi li aiilte  uiialysis  i«  coitdi a I |hiwci  /How  timlctilii|<  evaiiiaUaiis  As  sliuwu  in 
Uie  (llagniiii  the  maxlimiin  intak  lo  avct  aftc  Iw.l  clrmnit  power  level  wa.s  ealnilaled  lo  he  I i)9  for  laitli  the  limcraiKl  outer  cores. 


NPTlM-92 


179 


OF  POOR 


PAGE  IS 
QUALfTY 


NTP;  System  Concepts 


UPPER  PtiNUM  MIXING  FLATTENS 
RADIAL  POWER  PROFILE 


The  colcwIrtleU  proiieilmU  aiiM  luel  rculcilUw  tctini«t;ilmc  dtsUUwUUui  wiUiiu  U«*  jeminr  (or  Vucl  etetneiMs  having  Ihc 

average  niiil  muJhiitum  |«  ;g*-io-ayeiage  J*‘y**<«  l»  shown.  1’Jje  ralrii|;Mr<|  ismUjiI  jM^vr  <IMrliuiMnn  shown  m <lw  prevknm 
t:h«M.  was  M«e‘l  *0  riimliM  l a IhniiaM  hyth««l^*  waUmMoH  ol  Ihe  mmujIim  Iti  Ihe  lciumr|  ul  |iuw«r  levels  «» 

tciuneralmes.  Uic  anahfsls  ^hShlays  tite  pU’immu  m»xlng  mlvaiilagc  i»l  Ihe  «l«al  panfi  epre.  AnV  piiler  cor?  h»i  chatiiiclhig 
cfhn5V4M^  Ip  inicvcn  pmfllcs  is  reniywcd  Irpin  \Uc  Unuer  e«rc  l^raMse  m!  Uicnnal  inonienimii  nugi  iulxl|i|  |jie  npiMir 

lilcnniu.  lilts  inking  teUwxs  Hit  anrt  ilievetojre  reactor  teinpcntlitrea  In  the  timer  core,  llic  energy  inVl  iiiQiaeiiiuiii 

mixing  alkiws  for  im  la  1 5%  power  peaking  In  the  niMcr  core  wi(  houl  orlflrUig.  As  si  w»wii.  I tie  iiiaxiiiium  lemperalMre  Is 
apprpxltfmtely  2950k  for  the  inner  coi  c an<l  220U  ktr  the  outer  core  in  the  fuel  elements  having  the  iiiaxlmmn  piirwer  tevels.  Tills 
aimhrsls.  <|tepfoy.s  Ihp  wtwsi  case  scenario  iti  whfoh  n«  altemijt  fci  iiiaile  to  Ikillen  i(ie  |*mvcr  luoftic. 
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NP-HM-92 


ENRICHMENT  OR  ORIFICING 


0 0 1 0 2 0.3  0 4 OS  0.0  0.7 


fJtimiirii/’nitltHtiv  <»itQ  tiitfei!]  - i/li 


Two  meChwIs  of  addressluf*  tin*.  |iow«r  |irol‘Uc  were  evaltuUrd  and  boih  weio  found  Co  bo  arrrptahle.  T\k  flr»l  approarb  rtT  handling 
the  varliihbt  power  was  <irlfU:ttiK  Itu:  pm}M!Uatil  d«tw  In  flic  limrr  roic  to  piuvldc  n rnnslaiil  2G70K  rc.ai4i»r  cxll  leinjicialiirc. 

Hy  flic  How  al  ltic  inlet  of  etwdi  luet  eleinnii  tlii?  pmprr  flow  lalc  ran  be  delivered  to  rarh  cletiuad  ^lc|>ciMlh)|{  on  the 

elemriii  |Mnrar  level,  fjltowii  heiow  la  the  fuel  eltatienl  flowrate,  na  a riinetfoii  of  tniier  emc  radlits,  miaUcd  l«  provklc  a constant 
reaidor  exll  leiiqicialiiit:. 


The  second  luissltilc  approacdi  to  flatten  tire  |Mwer  pt  otfle  evaluated  urns  vai  table  radial  Uranitiiii  enrlclmiciii.  'lire  cnTichment 
wUlilii  iNiih  llic  inner  and  order  cores  was  varied  lu  tMenitine  the  ifiipacf  on  fadial  |a>wci  <ltstrlhuiloiK  As  rUtowii  in  the  fiffnre  a 
near  ly  cuiisiard  power  pinfltc  was  obtuined  try  Vinytnd  the  cmlchmenl  by  apptoximaidy  4%  across  llic  rcar:lor  radtus. 
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NTP:  System  Concepts 


DUAL  PASS  CONFIGURAriON  HAS 
SIGNIFICANT  APVANTAGm  _ ____ 

• Flat  radial  power  profile 

• Positive  flow/power  matching 

• Upper  plenum  mixing  reduces  peak  temperature 

• High  temperature  inner  core  isolation 

• Reduced  elemenl  axial  Ihormal  gradient 

PRATT  & WHITNEY  XNR2000  CERMET  NTRE  *8394 


nw  primary  allrarUve  rmHites  prwiilctl  Ihc  (Imit  pass  irarlor  rnrr  arc  siiitiiitarli«Ml-  A Aal  raMlpI  pfnwer  pitrfillc  is  provkled  l>y 
the  dual-|>ass  reacior  (Inc  lo  Uic  averaging  of  |kiwci  (iisiiipulkms  relative  to  Iwo  (llMlnel  rc|poiis.  T^Mfye  go^/power  fiiatclilRg  Is 
ae|\tevahte  liccause  of  Uie  separation  of  liic  inner  ami  ouier  cores-  Tlic  iiiiixlipnin  (pet  eleinent  powcf  sliape  ifae&iiv  appe^  in  t&e 
miler  ixnc  region  because  of  the  proxlinlly  of  tlic  radljil  lellccior.  Ilowevei , becaijsc  ilie  outer  core  serves  aS  iMe  fli^t  pass . U»c 
coolest  liydrogeu  proiicltaul  passes  through  the  onier  core  and  cUnUnates  fuel  lcni|icratuie  conceni.  Adilttfpiuiiiy,  upper  plefinin 
inixliig  of  ihe  IqfdrogCM  im:i  vcs  in  eMifiiiiatc  i he  miirr  core  iswr.r  peaks  frisii  I hr  Imim’I  wire  hicl  elcnienis.  'llie  dual  imss 
conriguraiioti  isolates  the  iMU  huicr  core  iueteleuvruis  hum  Mie  irsl  ol  Uic  engine  system.  'Hns  IsohMloii  pfiiidiies  inaLefial 
Rexlhility  allowing  the  use  of  lighter  wci^il  Moly  based  fuel  clnnetils  in  llie  ouier  ct»i  e and  a lie  radial  r«fleelOr  whieh  pnivUtes  llie 
mosl  rcacHvlly  worth  for  tlie  welgtU..  The  most  olwlmiR  IveiiefH  the  (Inal  pass  rpre  is  the  redured  axial  iheimal  fpad^rits  and 
cuiisc4|ticniiy  Himiial  stress  UkuIs  placed  on  the  fuel  elements. 
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NP'nM-92 


COMPLICA  TIONS  OF  H2  MODERA  RON 
ELIMINA  TED  DURING  STARTUP, 
SHUTDOWN,  AND  THROTTLING 


IE-05  IE-04  IE-03  IE-02  IE-01 

H2  Density  [A(b-cm)] 


PRATT  R WHJTNEY  XNR2tKH>  CERMtl  NTRE  25B03 


(TmttpIlrnMoiis  112  Moiti  iatlou  iChinlii.ilfil  DtiiliiK  >Sluit<U>wn.  ami  i 

Tlicrc  Is  no  impact  ot  llydro^ru  iiindpratiiHi  on  the  lust  spcotium  XNH2(KK)  rr.at  lur.  Uie  calcuhilcd  ellccl  ol  Hyfirngeti xlensily  on 
system  is  shown.  T'hr  «'oinpUcnUons  oi  reactivity  I'ceiilKick  htmi  (lie  tiytlto^ru  piopcihmt  ami  |>otpiitfal  tor  tiicnnal  inslahtlity  is 
elfintuateU  Uurhm  traiisleiil  and  steady  stale  operation  in  I lie  KNR2()()0. 
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NTP:  System  Concepts 


0RKS5MAL  PAQE  fS 
OF  POOR  QUALITY 


PEAK  FUEL  TEMPERATURE  DECREASES 
AT  THROTTLED  CONOtTlONS 


I’eak  Fuel  Tcin|«*.r;tttiic  I )t.*ficast:s  At  Throlllfil  f’niuluiims 

n»c  calculaffid  prniJeHaul  and  Aid  ceidftrllnc  IcmiMMalinrs  ate  slinwii  lot  Hie  liasrUnr  XNR20U0  at  lull  tlirusl,  251<»  Utmd.  ami  10% 
thrust  throt lied  cuiutlltons.  An  displayed  in  the  chart  ihc  peak  lueltrniiietatnrcs  wKhin  the  reactor  decrease  as  the  eni^iie  Is 
tliroUIed.  The  rediirerl  reartof  temperatures  result  hmii  the  rrdncwl  power  Ihix  rerpHred  lo  deliver  Up:  throttkHi  mass  Itow  rate  to 
the  dealjpi  point  teiupcratuic  levels,  lltts  i|iitisl  Nicatly  analysis  was  sbnpllfled  heransc  urihe  nedi|liide  elTeot  of  112  iiwderaUoti  on 
the  reactivity  of  the  corc. 
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NP-mi-92 


STARTUP,  SHUTDOWN  AND  THROTTLING, 
UNAFFECTED  BY H2  MODERATION 


Configuration  allows 
throttling  to  10% 

II trust  at  design  ISP 


FP/FP 

design 


Flow  coefNcient/  design  flow  coefficient 


!>RATr  & WHITNEY  KN»2000  CERMET  N rRE 


Stiiilitp,  Sl)ur<l(>wii  And UiudU'Hcd  Hy  Uydtt>^rn  MiKlnalinii 

The  pump  uml  liiibliKt  npcntlinji'  map  p(  (Ik;  XN«y.U0<Hs  slunvnTnr  thiolllcil  am]  dc.flnn  pnhil  eiaulllloiLS.  'i  tie  RUO  upper  stage 
cxpaiMler  cycle  rocket  engine  itirboptiinp  tdiaractetisUcK  weie  uiistniied  In  lids  analysis.  This  nnnlysis  imUcales  that  the 
cuiiitt^irdllQii  aUows  UuutUUig  to  at  least  10%  Uirust  at  spccUk  Imimlse. 
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NTP:  System  Concepts 


pmE  IS 


immOUAk  WRmPUMP  REQUmmENTB 
AmsmiLARTORUO 


D^ilUfMslri^leU  clmractcflsUc^  o(  Ui?  f<tlO  Jiiibopuiujia  >yiii  lie  ic<(ulie<|  o(  tuibopumps  gscd  In  au  Nl'PEfor  ina|U^ei|  siiacc 

exploralloi>  nusslou$.  T|te  XNB2CKKI  ainccpliial  <lcsi|*ii  etnplnv''^  a iw«  «la|'e  ecnli ifitiiial  pMigp  lhai  Is  In  flovv  ral^  aivi  lica^jl 

rls^  io  (nd^  lO  lurbopuuip,  driven  by  a dubtue  gperaUni^  at  cuu|  iu|ei  tern jicrat urea.  iltf.  syalciu  Uii^Uii^ 

to  at  least  ibmst  at  rated  tetu^raturc  and  operatiou  at  low  Nl’SM  levels.  Uteae  reuMtrct«cnla  aye  stmMftr  to  tbose  of  ilie  l^To 
l^Mtd  hydiogeu  lire  RLUX  turlMnniiui»si  dfUver  pressituzeU  livdmden  to  iUc  r?b|0  enfiMw  fof  MPtlcr  stn^  owplleHUuns. 

tfitei  ImH  surcraslully  deUM«iis|raled  /-rui  to  low  wi'Sl  | caiKtliiitiy  «“d  tlHMlt iliu*  di>Wd  to  Mow.  Wltlt  IIm?  Mvt-tViaifalMMt  of 

hydrostatJe  b^artti^s,  «i{^‘iaiiu4t  a ra<ltaM<ot  eitviromoriil  can  |«*  ac|ii<*vci|  Iuhviusc  of  llie  aiuiiibiiitit  coostruclioti  Fw  tbese 
^asoii3  Mie  cliaracterlstics  of  tlw  RUO  TiMboi»Mii|p3  weir  u^ed  lti  Utc  study  XNHMO  t oiOTUt,  aud  tlini  a seated  pr 

derivaUve  version  of  this  proven,  puitip  WOU.UI  einployed  til  tliedcsiffu. 
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m-Tm-n 


NOZZLE  IS  ACTIVELY  COOLED  COPPER 
WITH  AN  UNCOOLED  SKIRT 


Regen  section 

Coolant  configuration  Two  pass 

Number  of  tubes  300 

Tube  material  Glidcop 

Max  heat  flux  51  Btu/in^sec 

Max  tube  temperature  81  I K ( 1 0OO"!-) 

Pressure  drop  225  psi 

PHAIT  & W)«TNEY  XNri?OaO  CEPMt  I N 1 f IE 


Skirl 

Coolant  configuration  Radiation 

Skirt  material  Columbium 

Max  heal  flux  1 Btu/in^sec 

Max  skirt  temperature  1 792K  (2766°F) 


2S380 


The  XNH2()0t)  employs  u re^encrallvHy  cooled  cl iniiihei  and  aaK?.te.  and  radtaUviy  ctKileil  iinnde  skill,  'flic  llo^/Je  aral  chatitfier  is 
}o  an  area  mllo  of  wUti  3UU  copper  Itihes  Jn  a (wo  piiss  coitUguraUmi  wUh  30%  »r  Uie  tu^l  engine  How.  11ie  eliaiitlier 
luessutc  Vliksd  CUllSisU  ut  u 347  Sluei Jaiiktit  rsuiltiuadluit  Uio  lid>es.  Tlu:  system  ertiptoya  a Oolombiaii  tuxuk 

skin  frmii  an  area  railu  or  33  lo  200  wlileli  Is  radladviy  cooled. 
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NTP:  System  Concepts 


XN2000  PRESSURE  VESSEL  IS  SIMILAR 
TO  ANL  APPROACH 


32.2  in. - 


iJncooled  outer  f>rjBssure 
vessel  <JWCX)7t  8) 


— — - - Cooler  inner  pressure 
vessel  (INCO  718) 

12  radial  sMPport 
rips  equally  spaced 


PRAn*  WHITNEV  XNRaoOO  OERMEI  NJHt 


Tt)c  XWK20{Ki  niijikiys  :m  nuiei  )»rrsRiitr  vrssri  vvjiirli  MirniunfJsflic  ii*nvrl«i  rc|i^MeriiMy<rly 

()i c v*!s's<tl  wl iM't > H> *M * M iJkJk  IJ«t  lot  . 'I'l »•-  |ii  r>;si u <•  vvsst‘1  mitty t lal  «*J iitsirlt'i jRjti  Iikum iiwl  ifsK i|l > 7 ) *i.  lltniirHMSiC  | |iiii!r.r 

priessMrfi  y««srl  ta  sMhJorlvd  u wlJapslijn  piesstiii:  tj|  appioxlinalely  HilK)  j)sl.  katgUtulppil  iad.1^1  /eiiipioycU 

tp4iailsi|Ul  Uiils  load  io  llic  outer  TliO  radial  support  rl!isy/«uUi  serve  to  separate  aird 

scgiMetpO’  11 1«  t wo  i>r«fssifrr  vrjsscis  «#  c .r;i|>|  >e4 1 »i  1 1 m‘  < »|  > i>|  1 1 »’  | eat  for  liy  JtPM  M«|>l  mo  J liotulti . eiclls  Ilje  r^Elferf  or 

reglta.i  aiifl  flows  ht;lwf|i!ii  Ifte  prliMaiy  aii{|  soomujaiy  ticatfs  |n  ruol  iJar  pi tiiiaiy  t«*jwl  nwetlitg  ttw  tmier  |>rt^»ire  aiuf 

proWde  atldiHoiial  Iteai  itiptii  to  the  tMiPliie. 
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NP-TlM-92 


XNR200a  BASELINE  DESIGN 
EXCEEDS  NASA  REQUIREMENTS 


Thrust  (lb) 

(^Baseline  j 

2i000' 

Isp(sec) 

900 

JAN 

53 

Reactor  power  (Mw) 

510 

Power  density  (Mw/L) 

9.4 

Max  fuel  temp  (K) 

2,880 

Chamber  temp  (K) 

2,669 

Chamber  pressure  (psia) 

766 

lota)  flow  (ib/sec) 

?/.o 

Pump  tip  speed  (fUsec) 

1.460 

1 uttufve  inlet  temp  (K) 

22/ 

Nozzle  area  ratio 

200 

No/zin  exit  dta  (It) 

5.H 

Max  engine  length  (ft) 

15.3 

Stowed  engine  length  (ft) 

11.0 

No.  of  inner  fuel  elements 

61 

No.  of  outer  fuel  elements 

90 

rhrollling  ^ design  Isp  (%) 

10 

PRAl  I & WI  lirWEY  XNR200<J  CEttME  \ N 1 1 


XNKaoOO  I 


ln‘mrnla 


The  tubic  displays  I he  eyrie  imffiiiiiaiire  liiiunnatloii  of  Hie  liasriliic  XNI^U(H).  The  tiiiseUiie  XNIi2000  tlcUvcis  *25,000  tb.  tluusl 
al  .1  sprt  Uio.  tmptii»c  «r000  See.  wtth  a iln  iit»|  |«  wrtKhf  nillo  of  I IHh  }mwi*i  iiitlmin:  tiitnriiiaHnil  wins  usinft  U»ft 

Mitmhaii  Spam  KUti^il  C«tUci7P&W  Huekd  Biitfine  ‘ri'iiiwleiii  SlmtifaHmi  Syslein 
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NTP:  System  Concepts 


XNR2000  ENGINE  PERFORMANCE 


Thrust  - 25,000  Ibf 
T/W  - 5.3 
Isp  =•  900.0  see 

PROPELLANT  FLOW  ENGINE  STATION  CONDITIONS 


station 

Pressure 

Temperature 

Flow 

Enthalp.v 

Density 

Location 

fpsia) 

(EsgJQ 

(Ibni/s) 

( Btu/lbm) 

{Ibm/rt^^SI 

Engine  Inlet 

26.7 

Pump  Inlet 

25.7 

Pump  Exit 

2179.3 

Nozzle  Coolant  Inlet 

2157.6 

Reflector  Coolant  Inlet 

1932.6 

Turbine  Inlet 

1 901.6 

Turbine  Exit 

1218.2 

Outer  Core  Inlet 

1108.9 

Inner  Core  Inlet 

956.3 

Chamber 

765.9 

REACTOR  CHARACTERISTICS 


Two- Pass  Design 


Inner  Core  Diameter 

11.5 

in 

Outer  Core  Diameter 

18.1 

in 

Reflector  Diameter 

32.2 

in 

Pressure  Drop 

344.1 

psia 

Max.  RX  Fuel  Temp. 

2880.0 

K 

Outer  Core  Fuel  Mt'l 

Mo-UO2,90 

Inner  Core  Fuel  Mt'l 

\V-U02,61 

Power  Density 

9.41 

MW/I 

Total  Power 

510.4 

MW 

PUMP  CHARACTERISTICS 

Overall  Elflcjency 

73.2 

% 

Head  Rise 

69,018 

ft 

NPSH  Avail. 

302.9 

ft 

Speed 

71,323 

RPM 

Power 

2403.2 

HP 

Vol.  Flow  Rate 

1379 

gpm 

Stg  I Flow  Coeff. 

0.114 

Stg  II  Flow  Coeff. 

0.113 

Stg  I Head  Coeff. 

0.521 

• 

Stg  II  Head  CoefL 

0.521 

- 

Utip  1 

1460. 

ft/s 

Utip  2 

1460. 

ft/s 

20.6 

14.0 

-108.0 

4.38 

20.6 

14.0 

-108.0 

4.38 

34.7 

14.0 

13.0 

4.56 

34.8 

8.4 

13.0 

4.55 

103.1 

28. 1 

440.9 

1.77 

226.9 

11.8 

1.343.7 

n.so 

207.2 

11.8 

1 199.0 

0.58 

210.4 

27.8 

1221.6 

0.52 

1650.4 

27.8 

8865.0 

0.06 

2668.7 

27.8 

I8IS8.3 

0.03 

NOZZLE  CHARACTERISTICS 

Nozzle  Area  Ratio 

200. 

Throat  /Vrea 

18.8 

in**2 

Exit  Dia. 

5.8 

ft 

Nozzle  C* 

16443 

ft/s 

Nozzle  Length 

10.6 

ft 

Total  S.A. 

22524 

in"*2 

Regen.  Con.sfnir(if»n 

Cu  Tube.s 

Rad.  C'oiistructlou 

Ch  Sheef 

TURBINE  CILVRACTERISTK  5 


Inlet  TenipfraUire 

226.9 

K 

Inlet  Pressure 

1901.6 

psia 

Mass  Flow 

1 1.8 

Ibm/.s 

Overall  F.fncienc> 

85.4 

% 

Speed 

71.233 

RPM 

Pre*i.sHre  Ratio 

1.56 

- 

Inlet  Flow  Paranieler 

0.125 

Overall  Velocity  Ratio 

0.54 

- 

DH  \cfual 

143.8 

Bhi/Ih 

AN*''2(E-08) 

193. 

Menn  Dia. 

•1.66 

in 
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NP-TTM-92 


OPERA  RON  A T2500K  CAN  BE  ACCOMODA  TED 
WITHIN  BASELINE  CONFIGURA  RON 


[Basctino  | 


Thrust  (lb) 

25.(MiO 

25,000 

tsp  (see) 

OUU 

005 

T/W 

S3 

5-3 

Reader  power  (Mw) 

hUl 

492 

Power  density  (Mw/L) 

9.1 

Max  fuel  temp  (K) 

2,740 

Charnt)er  terrip  (K) 

2.6btl 

12.500) 

Chamlier  pressure  (psia) 

758 

Total  flow  (Ib/sec) 

20.9 

Pump  tip  speed  (ft/sec) 

t.4G0 

1.482 

t urbine  inlet  temp  (K) 

216 

Nozzle  area  ratio 

2(1(1 

200 

Nozzle  exit  dia  (ft) 

5.U 

5.8 

Max  engine  length  (ft) 

153 

15.3 

Slowed  engine  lengtli  (fl) 

II.O 

11.0 

No.  of  inner  fuer  elements 

Gl 

Gt 

No.  of  outer  fuel  elements 

90 

90 

I hrottling  at  design  Isp  (%) 

to 

in 

PnAH  A WHMNEY  XNH2000  CEOME f NfHF 


25395 


1 1 ^iibrJIuf  (NuiHtHinilion 


'11 1C  baseline  cycle  iiiloitiuiiioo  is  fllsplaye<l  ami  cniiipateH  lo  tbc  XNK^OOO  eu(‘lur  oprvaUiig  al  a t bantber  leiuperalurc  ol  2500K. 
llic  pi*wci  balniit'c  loi  boUi  cycle  polnls  was  ^ym-iali  fl  fjy  llie  tracloi  exU  M;»cl>  iiniiitici.s  lo  equal  0.3  aad  deUvet  21i,<KMI 

III.  qrilmist. 


ORK3JMAL  PA0E  IS 

OF  POOR  QUALITY 


NP-nM-92 
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NTP:  System  Concepts 


PEAK  FUEL  TEMPERATURE  DROPS  TO 
2740K  FOR  2500K  PROPELLANT  DELIVERY 


PRA  n & WH(  I NEY  XNIIZOOO  CERMET  N IRE 


NTP:  System  Concepts 
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NP-TTM- 


PRELIMINARY  ENGINE  CLUSTERING  STUDY 
INDICATES  LIMITED  NEUTRONIC  INTERACTION 


D - cm 

Three  engine  clustering 
arrangement 

PRATT  & WHVTNCY  XNRPOOO  CtRME ! NTRE  25397 


A conservative  engine  ctnsleitng model  was  devetnix*!!  and  the  was  iwalunlct]  ihi  a cluster  ol  Hirer  XNR200Q  basettne  engines 
as  a funet  Jon  of  separation  distaricr.  llie  sepuraUoii  liislance  is  defined  us  stiown  in  t he  figure.  As  displayed  In  the  chart,  core 
neiil route  coupling  was  found  to  liaye no  ellccl  lu  clusle.rliig  engines  tor  distances  mpi lied  Id  account  for  nozate  skirls. 


NTP:  System  Conceots 


REENITRY  & WdRst  GASE  AdGldJNT  SbENARjd 
bRitldAUfY  AHALYili 


K 


HtYnUv  Ht  Wbi^t  base  Arridriti  S^rnai 

A i(S*A^^P  dliiiistoii  edde  iVEN'l'UKIS/CdMtilNK)  aiinlysls  wiis  iucnkiiictcti  lo  tteleHiUiii*  cane  aroittdht  ^ eriticAlUy. 

Tlic  iu:ii*Aii^c  rt*adtiviiy  Ulsi-Hion  Ib  shown  tor  scVeiai  srrhaito  < oic  doiiUUiUUiii.  winild  sulii^tfcal  for  ah 

tK»iifilUo<is  cval»tatr<!.  11m*  bi^rsl  nfXi^Rvr  irjirlivlly  Itisriiton  iKTuriWl  l«i  wjilrr  iihiiicniiott.  11ie  ^ riicnlutii  rwls 

lii  liillcs  s«rr«Mddhig  liif  oiitw^  f?urc  «lciiibihs  also  rvahiahaf  (U>tl  foillHl  |o  |>i«ivUlfi  jnsbrjii^t  tO  iw 

lisbd  UH  U lUlUhiUut  liiu'lt-uil  ArtUhy  liw-i  tiUiUsiu.  ’ilu*  iiliwh  jHliThiV  rthidyiai!*  WJIB  » th«tocd  a««ui»h»ii  Jhnl  of  lhc  htlii) 

Was  rriiiovefi  froiii  ihc  syslani. 


l^rn*:  System  Concepts 
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DESIGN  ALLOWS  THRUST  FLEXIBILITY 
WITH  COMMON  FUEL  ELEMENTS 


25.00D  IbHhrusI 
totalno.  of  tue)  elements:  151 


50,000  Ibf  tlinist 
total  no.  of  fuel  elements:  313 


75,000  Ibf  thrust 
total  no.  ol  fuel  elements:  379 


PRATT  & WHITNEY  XNRPOOO  CERMET  NTRE 


'Die  XNl^UOO  wan  lo  {uovulc  thmsl  IkxlUllly.  11  ic  system  ran  provide  Uhu.sI  tan|*iii|>  liom  approxliimteJy  20.{}0()  lli  to 

90.000  iisliift  Uie  same  Itid  elciiiRiii  design,  core  coiiftiriirat Ion.  uiid  support  iiictiindiilogy  by  siiiipiy  varying  the  number  dinner 
ami  outer  core  rticl  ehmici its. 


NP-TIM-92 
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NTP:  System  Concepts 

OStICSmL  PA@E  IS 
OF  POOR  QUALITY 


OVER  THRUST  RANOE 


BadinI  fissioii  densHy  (power)  for  v«lfidMS  Ihrust  si?e 


PRATT  A WKITNFY  XNH2000  CERMET  NTRF 


?««|B 


l^dfai  iifwer  |iioftlcj?  lor  lliree  XNR2(HK)  rare  sUvh  »if.  ^nmn.  T lic  iiutJ  jrrTHM)  Ihf  cpil  f)€  il««|e  erfijra)  wlUi  7»J% 

eiirlclieiU'iirl  ni  I lie  Riel  iiidal  voiiinie  rjitln  frf  f»<)/4(K 


HI?:  Systr^  Concepts 
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XNR2000  C YCLE  PARAMETERS  ARE  SIMILAR 
FOR  VARIOUS  THRUST  SIZES 


Thaist  (lb) 

(Oaselme  | 
25.000 

50.000 

75,000 

Isp  (sec) 

900 

901 

897 

T/W 

5.3 

6.6 

7.9 

TTeactor  power  (Mw) 

510 

1,022 

1.513 

Power  density  (Mw/L) 

9.4 

9.1 

11.1 

Max  fueltemp  (K) 

2.880 

2.880 

2,880 

Chamber  temp  (K) 

2.669 

2.676 

2,657 

Chamber  pressure  (psia) 

766 

?35 

836 

Total  flow  (Ib/sec) 

2/.8 

555 

83.6 

Pump  (ip  speed  («/sec) 

t.460 

1.527 

1.738 

Turbine  inlet  temp  (K) 

22/ 

230 

257 

Nozzle  area  ratio 

200 

200 

200 

Nozzle  exil  dia  (II) 

5 8 

8.3 

9.5 

Max  engine  length  (U) 

15.3 

20.3 

22.7 

Stowed  engine  length  (ft) 

M.O 

12.4 

12.0 

No.  of  inner  fuel  elements 

61 

127 

169 

No.  of  outer  fuel  elements 

90 

186 

210 

Tlirottling  at  design  Isp  (%) 

10 

TBf) 

TBO 

PRATT  & WHITNEY  XNn2000  CFflMPT  NTRE 


REACTOR  THERMAL  HYDRAULICS  AT 
50K  ARE  SIMILAR  TO  BASELINE 


J V. U V.  i 

Normnllvad  Reoclor  CoolanI  riowpalh 


PRATT  & WHITNFY  XNnpOtin  CFRMET  NTRF 


25M2 


PAQE  IS 
OF  POCJR  Q15  AUTY 
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NTP:  System  Concepts 


REACTOR  THERMAL  HYDRAULICS  AT 
75K  THRUST  ARE  SIMILAR  TO  BASELINE 


Hormonz«d  Hvoclor  Coolant  Flaw  path 

PRATf  a WHITNEY  XNn?OGO  CERMET  NTRE  25303 


NlP:  System  Concepts 
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CERMET  ENGINE  WEIGHT 
SUMMARY  VS  THRUST  SIZE 


Thrust  level 

2b,im  H) 

50,000  ItT 

75,0001b 

Inner  core 

940 

1,662 

2,212 

Outer  core 

m/ 

1,644 

1.856 

Support  structure 

115 

250 

426 

InlernaJ  stiield 

P5» 

300 

310 

Axial  reflector 

50 

80 

too 

Radial  reflector  and  control 

500 

800 

1,000 

Valves  and  controller 

425 

525 

590 

Pressure  vessel 

55(1 

800 

1,000 

Upper  core  assembly 

220 

300 

400 

Nozzle  skirt 

250 

5t)0 

750 

Turfxipump 

75 

125 

175 

Thrust  structure 

440 

GOO 

700 

Total  engine  (lb) 

4,752 

7,586 

9,518 

T/W 

5.20 

6.59 

7.88 

PRAT  T « WHIlNfc'y  XNJ^21K)0  CERMET  NJHE 


A Summary  ol  (he  XNU2000  lor  (he  (hi  »a(  IcvT.b  cvaluale/f  Ir  simwii.  T Iw*  (hnisi-lt>'Wel|*ti(  ralios  Im  Uie  XNJ«2000  arc  Ii4gli 

relative  (o  oilier  cuitvenUtmal  NTRE's.  Sevnal  realiiieN  eoiiitllmtc  lo  Uie  h^.h  Ihnist  to  v/el|<liL  of  Ihe  XNR2(K)0.  ITte  XNK2000  can 
operate  at  a Ulj^li  power  ilensUy  because  oMhe  lil^i  mmUicUvlty  of  (hr  Oimet  Juel  and  Ihe  Uieinml  llittd  mixing  (n  (he  upper 
pleimin.  'Hic  fast  speclruin  provides  a comimcl  coie  with  no  moderalur  iiMilctlal  and  Uic  tdgU  slrcngUi  refiaclory  metal  fuei 
elcmenls  allow  a l({0ilwel|*ht  supirort  slmcliire.  Tht*  use  of  refractory  meihorls  and  the  compact  core  design  reduces  required 
shielding  wclglit.  >bldiUoi  tally,  the  scpanitlmi  td  Ihe  reactor  Tutu  lw«  xegtons  allows  iiie  use  of  a llgliiwrlgiU  Molyhdeauim  hased 
matrix  lu  tile  ovilcrcorc.  niefre  feahires  of  liie  XNR2(XH>  isTrUEconiribiiir  (n  the  high  thrusl-tO'WCigiiL 


NPHM.92 
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NTP:  System  Concepts 


CEftmr  APpnoACH  ppovidpb  hiqh 


thrust  P 25,000  lb 
Isp  * 900  sec 
T/W  = 5.3 

Stowed  length  = 11.0  ft 
Deployed  lerigth  = 15.3  It 


Thrust  = 50,000  lb 
Isp  = 901  sec 
T/W  = 6.6 

Slowed  length  = 12.4  ft 
Deployed  length  = 20.3  ft 


ThniM  = fS»0(^tb 
fsp  = iS97eec 
= 7.9 

Dia^„,  = 9.5tt 
Slowed  tehfth  = 12.0  ft 
Deployed  lertpi  = 22.7ft 


PftArr  A WHifNEY  XNR2006  ceftwfet  NtRE 


Ointittl  Ap)m>itt  li  Piuvitlcs  liijiili  (*eitorm;uii  iv:intl  l4»w  Kisk 

A icmtci*|)i|iiitl  NIHK,  liin  XNn20(M).  lirts  jiirsmlcii  Huil  is  jwiwrml  l»y  \\  I'asI  s|KS'U'mH.  rftiirti  filtllnl  iMcitiir  )iK)r£.  Tliii 
baselillti  kNR2(K)0  syst«iii  deliveps  25,(K)0  llir  anhi  nsl  nl  a spcrllh:  lfil|mts<t  «l  JJOO  suriHlds  and  IhrilM  tn  weight  id*  S.3.  llic 
(UsUtiguli^tmg  featutes  «f  Uus  ayMchi  aire  U»  dim!  pass  vttartnv  minguraMrm  nkhi  Iasi  speeliiitii.  eeripH  fuehid  reacltn-.  Illeae 
ftsmiies  have  Iwicii  hM  tiiptminrd  ItKn  fpr  tli  sigii.  as  wrtl  ns  ktmwli-dgc  gained  lima  Ihe  RoVKh/NfenVA.  OKtlO  nild  AftIL  fiingiums. 
Id  (feVdop  a safe  and  luhnsl  Nucieat-  Thertnal  RiM'KpI  Kitglnc  lor  maimed  space  ckplot  alluif  thlif»lohA. 


NliP:  Cotteepts 
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XNR2000  NEUTRONICS  ARE  BENCHMARKED 
AND  CONFIRMED  

• Design  analysis  methodology 

• Benchmark  analysis  and  criticality  summary 

• Power  profiles 

• Reactivity  and  control  system 

• Neutron  and  gamma-ray  fluence 

• Inherent  safety  features 

PRATT  & WHITNEY  XNH2000  CEFWIET  NTRE 


NP-nM-92 
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NTP:  System  Concepts 


MODELS DEVElOPm  TOACCUmTELY 


»f\oeg  gore 
Oule?  co»e 


RacHus  - cr?v 


\^2, 3,  -f  Inner  gpro 
4»  S,  6,  - CMtef  eere 
7 - Rn^red^iQf 
d ^ A>?iet  reflegiof 
9-Veid 

^IrycHirgl 

tnaterlei 


gore 


Mlxe^gote 

gn^lrgdeptef 


PRATT  & VyHkTNET  XNR20W>  CkUMET  HTRE 


A Wwec  illincnsloual  inoclel  nf  XNR2(K«1  mrv  is  ileyriu^w*!:!  llMMy  nidiM  R «rp  MseU  ip  mo^lel 

the  i>f  n«  Iwrcr  corp,  llw  QMl«r  c<*ic,  liip  iMlcilaciai  trtirc  lefirripr  ;^Mrt  Hip  UtifiRl  9MlJ!|»«rt  ^rriclMrp  arp  Inciiic^d  In  tbP 

modpl.  Six  sixtal  xonpa  arc  used  ip  address  ib?  axial  tciniiriuiiirc  griMlicnt  in  ibc  inner  aiid  Rip  mii«r  pprpa.  qmu|>  averagp  ncnlron 
-art«a-n*Md<ans  I'ar  i»U  ibiiieginns  ansgcncraipd  at  ttMiM  avrrag«  p|iftrat|i^  IrinttinaiiMPS.  Kavii  regiiMi  isdivifl^d  |p  icnsirfnnUe 
vpiunips  for  llie  oalniialioii  i>|  llnx  a|Ml  rfferllvp  nti i|i  i|tt(ra|iuu  liM  iiii . 


NTP:  Slysfem  Cpficepts 
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DESIGN  ANAL  YSIS  METHODOLOGY 
TAILORED  TO  FAST  SPECTRUM 

• Multigroup  cross-sections  generated  by  COMBINE  (ENDFB-V) 

• MCNP  (4.2)  used  for  complex  geometries 

• BOLD  VENTURE  (3-D  diffusion)  used  for  power  profile  and  reactivity 

• ANISN  (l-D  ,Sn)  used  for  analysis  of  hetrogeneous  boundaries 

• Results  benchmarked  with  GE  710  testing 

• Results  independently  confirmed  by  D&W  and  ANL 

PRAl  I 8 Wl  IITNEY  Wft2000  <;EHMET  N f RE  Z5494 


The  major  neutrontc  design  analysis  tools  usctl  for  i:orc  physics  studies  Itidmfc; 

COMBINE;  A mnlUgroup  iwmtnm  croas-srcntin  grnerallon  i-oilc  wiih  fi  ninihiiH-fi  ll»r  niROt;  fast  n«u Iron  Ulnaiy  wtth  tUc 
INt'flT'  Ihennal  neuit on  library  {avaliabir  UStC). 

BOID  VENTURE;  A 3-1)  nrtiinm  dlilusion  rnric  (iivaltahle  liirmi^ii  RSK'I. 

ANISN:  A 1-f)  lrnns{>oit  (Sul  code  (avntlahte  ihroufih  RSH'J. 


MCNP:  A Monte  Cat  iu  code  for  sira;tiasiln  nun  lysis  of  (he  core  ciiticalUy,  (towev  dislilhiiUun  mid  neiitron  and  gaimiia-ray 
ibises  lavallahh^  \ I ii  (nif>l}  1 ANL  and  USICl. 


NP-TIM-92 
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NTP:  System  Concepts 


VENTURE  MODEL  GENERA  TED  FOR  BE  710 
MOCKUR  1A  BENCHMARK 


I iriGf  M (cMi)  7 1 D VE NTUR E DUTLI N il  fjo i i < j iai  i 


ie07 

i?l5 


izr 

liaA 


z 

'”y 

3 

“~4“- 

"‘5 


2 


2ftV503  O.JCfll  0 3J75  4 0120  14  5934 

3 30mi  It  5t«J0  ‘ 


Maierial  Ifst 

I Core  U,  W.  Ta,  Al,  0 
i tube  Sheet  303  sS 

3 tube  Sfiaet  and  Me  303  S3,  Mo 

4 Mo  traiisilion  Mo 

5 Mo  ^<log  Mo,  Ta,  W 
e Cladding  ta.  W 

7 Be  (.35),  At 
0 Slteli  303  SS 

9 trnliaiiion  Al 

10  tinier  FieHeoior  Zone  Be  (.85),  At 

11  Ctuter  BetlOctor  Zone  Be  {.90),  Al 

12  Gap 


PRATT*  WHITNtY  XNnzOilU  firRMET  NTHF 


25495 


Ventuint  Motlel  Geiiefiiled  t»t>iGE710  Muckdu  I A IJtfuiJiWtiik 

OEtIO  ptDftram  Mncfeitip  lA  crUk'ai  was  lisod  to  lifeiichWbik  ilic  M-t).  COMMlNp/VENlVt^  ifchd  ctiWtliMioiist 

ener^  MCNP  4.2  inoticls.  Moclcup  I A r«:atiii^cs  core  jdiy^cs  cUarar.tr.iifttM’S  ctiiiipatablk  ^Hh  26000  Ibif  XNR2d0O  ten^te  d4:sign. 
ihAteilals  coticeiUratlon  aiid  cdi^  dlinrrisiotis  arc  takeii  direclly  from  the  OEMP  4d2  tepbit. 


kit*;  SVstetn  COiwieets 


204 
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OUTSTANDING  PREDICTION  ACCURACY 
IS  HARD  TO  BELIEVE 


Itclulivi;  Hudial  rower  IVoliU*  (13oiii  from  reflecled  euU) 


0 0 10  0 20.0  00.0 


PRATT  &VW«TNEY){NnjfOOUCEPMeTNrnE  Dlslance  from  Center  ot  Core  (ciri) 


isaiiayx 


yENTtJRK/nOMniNR  t (1  vnluee  nfUie  imtlni  puwn  pkiHIi*  ( well  wiUKite  r,K7|o  rx}}eilmcn)al 

Uot h ex|}ciiimut(;il  aiul  raU'ul»te<t  pawn  pmlitrs  air  itoitnitll/.r(l  to  the  |imvrr  Irvrl  at  llu:  t;ulial  OlsCmrti  »ri  cm  Irom  Uic  wiie 
renteriiiie.  Hic  caiculatetl  vaUms  ot  Uie  radial  power  density  hryond  the  lust  meastii  wncat  |Kdut  aic  uol  alrown.  'Hie  measured 
value  of  the  relative  power  density  is  4.1  where  the  COMBINE/VEN TUKE  calrulaled  iiiaximum  radial  power  density  ts  aa  The 
maxifiiuiii  power  density  close  to  lire  rcllcctor  Is  very  seiislllve  to  llie  postUop. 


NP-TIM  92 
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NTP;  System  Concepts 


1.0 


VKN’rURK/COMHlNM  CnR-ulalion  of  (M'!  7W  Mockup 


0.0 


0.4 


0 0 


10.0  20  0 noo 


I A 


40.0 


OtKlatico  from  Top  Hofloclor  (cm) 


ygm  CaicuJalJflU  ffCCP?  1 0.MiH±uii  lA 

I’()MIMNK/V1*'N'11W<IC  vhIim’H  i il  On*  iivi’iiij'f  liKlal  |«twrr  wrll  wlHl  CiM'/lO  1AfX|U^liiUi*niil| 

i Fatihs.  'tXivu  iiuliilii  ttl  ihfi  (ti|i  ittitl  IhiHmiii  til  Otc  iMaatit  niti  itxoltidml.  l4i»|ttt  iiiMtuilUttiity  til  ekiHit-tiittiillitl  iltttii  td  llti: 

unreflectcd  ciul  ol  Uut  Mnrkiip  ]A  reautur.  AikilUoimlly.  Mic  VENTUNkVCOMBINB  t?alcuia(ctl  valul;  oTKeip  0.99tt  cpilipCdts  a^lt 
wllh  file  liieasiiietl  valtit;  ot  I <000. 
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XNR2000  BASELINE  CORE  CRITICALLITY 
INDEPENDANTL  K CONFIRMED 


NP-TIM-92 


Venture/Combine  MCNP  MCNP  MCNP 

(P&W)  (P&W)  (B&W)  (ANL) 


Keff  1.0183  (24  groups)  1.021  1.025  1.007 

1.0183  (16  groups) 

1.0210  (12  groups) 

1.0601  (8  groups) 

1.0559  (4  groups) 

• Good  agreement  between  2-D,  16  groups  diffusion 

calculation  and  MCNP 

• Good  agreement  between  independently  performed 

MCNP  calculations 

PRATT  & WHITNEY  XNH2000  CERMET  NTRE 


<Un)MMtu;d 


n»c  Jfi  COMIUNK/VliNTURK  K,.jj  *il  Hut  XNK2(M)0  « kIii>wn  wUh  MiiNP  culciilaltid  values  «f 

i^eir  lYiiU  it  WliUfiey  M<'NP  ealculvdl(>ns  urc  lor  a titliilntiiiu  of  500.000  lilsOnlrs.  Halic^tek  and  WUrux  ami  Aigoiiiie  Nalkmal 
Labomloiy  ralrijJallmm  nf  XNR2000  pore  K,.(|-are  IijiwmI  on  a niinliiintn  of  lOO^OIKI  UinOnien.  ainoll  dHrrrcilcrw  hetwceii  MCNP 
caictilaleci  resiiUs  ate  <Uic  lo  Kli)*Ully  tOilefeiil  nuinber  (leii.slHe.s  ami  t ioss  seeUan  IthrarM  n.sctl. 
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RADIAL  FLUX  PROFILES 


1 ,00E  ♦ oo(>-H3-nM  j-i  u 

a.oc^-01 


6.00E01 
4.00E01 
2.00E-01 
O.OOE  + 00 


Group  1 

7.79  M«V  - 19.90S  MeV 


DIFFUSION 

TRANSPORT 


■Rn 
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4.00E-01 
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Group  4 
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Group  10 

0,961  k«V  .0.583  keV 
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Group  IS 
0.1  eV- 0.876  eV 
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. 4 


I n 1 1 :» I 1 1 -n  1 1 ■ I*  »i  H H M M 

) 0.2  0.4  0.6 

REUTIVE  DISTANCE 


Riullal  fliix  prufiles  fur  the  XNR2000  baselliK*  roie  hs  iiirsciit+il.  HoIJi  iratisiKMl  siiul  illfl'uslou  Uuroty  uie  used  Ip  calculate  total 
ueulrpu  Rux  (or  «uer^  groups  1.  4,  10  and  16.  The  ftlllereiicc  in  lltc  calctiiaied  value  ol  iiux  at  tlic  vicinity  of  the  reilMlpr'Corc 
boundary  is  due  to  the  fix  law  appntxliMalhui  u»c«l  lit  the  dlihiston  llieory.  'I'liere  Is  alsn  a noticaldc  diflereiice  lietweeii  predicted 
values  of  flux  for  intcniiediale  and  Juw  eaef|0r  iietilruiii  giuiips  in  the  reflcclui 
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emsTANT  mncHMSNT 


Reaolpr  Normaltesd 


pf^n  « yymiNCY  xNRSwinctnM^i 


Rifteator 

raiiid  t,016em 
K§ff=*  1,000 

9$m 


jjjit  0 1>  pywcy 


ppij^?r  prpiu**  al  <OUc?e|ii  IqralMwi  pr^Mr«<«ia  rpre.  IVn  (Ifgrff  AYOcrlor  seg^vc-iU^  ««  tn  .iriiltiYC 

K^H  = l.{\.  CiiputnlpraMlaV  |mwci  lUI  al  H><i  |ii|".iIM»m  <«l  W1  < ni  is  p>  |0<*  PM«<  <4  rP^IPrUMS. 
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HIGH  REFLECTOR  WORTH  ENABLES  ROBUST 
BASELINE  CONTROL  APPROACH 


Reflector  worth  calctilalions 


Shutdown  calculations 


•1  6 H M) 

Haiseci  reUecloi 


-0  022 
-0.02 
-0.018 
•0.016 
-0.0)4 

-0.012  Alpha 
0.01 
-0  008 
-0-G06 
O.0U4 
-0.002 
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mt»h_Hd1ector  Wort  h Enahirs  Robusi  BuHcltiie  Comrol  Atipniiit  Ji 

The  2!><)00  Ihl'  XNH2OO0  ha.sclluc  pmvrrril  )iv  :i  romiKirt  In.M  irnclm.  Tlir  iciltaf'e  hum  the  rote  ir^ioti  lo  ilic 

rcllcrtor  ts  very  ()iu:  «l  the  npttoits  lo  rmtlinl  ihi*  is  i lie:  axial  inovrmntt  eii  Uw  10"  t»:lh;clor  sej^iienl.s.  Uifi»o 

rcilecUtr  se^uems  ISU'')  can  he  tised  lor  hirt^e  insrtUiiii  ol  ii(*}<<Ulve  rearUvUy  attei  rcauinr  si  mi  down,  ‘the  rellector  wort  it 
caiculaitons  were  cnndiirlrd  a.s  a fuiirilmi  ol‘dl.sl.mre  raised  Ipr  a hank  of  six  tO'  rrllcctor  segiiieitls  The  shuldowii  caiculalldiis 
were  conducted  for  sLx  50"  leflcclor  sr}»meins. 
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MmctlVlTYAND  CONTROL  MAROIN 


ReaGlivity  effect 

tettiperattice  effect  (3t)%  3000k) 

Puel  burriup  (6000  rttw-ht-) 

Requited  excess  Reactivity  (maxtMlum) 
Design  excess  reactivity 


Reao«vity%^ 

-j6  ±.3 
-.1  ±.03 
+1.0 
2.0  ±0.6 


Gontrol  sys'tefn  tetiuirements 


Installed  reactivity  (maximum) 

Minimum  scram  requirements  2.6 

Minimum  required  Gontrel  system  worth  5.0 

Design  control  system  worth  10.0 
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CGMSIRE  libU5  VENTURE  cbhipiilGT  rodir  sysleiii  K iiswl  lo  cnlniJaie  iti^  'Yicudiviiy  cHcnl  dac  to  t^ernilmtal  smd  Idicl 

bliniiiO.  HlghTcflipii^tuie  i-Vo  ^ciiGrali  tl  and  ii^rl  to  rsRmaie  titb  rtabiivHy  efl^t  iT  full  ptHWiftr 

opei^ttOd^l  Teruiierattlfa  A idial+tf  imnis  oTTtiil  jirt^er  nprralluh  l»  Osinrilfartl  iti  rrtiinildTe Tlii;  fdiKi  1yii1^^«i{i  y%acUidly  Wbttli  at  ilto; 
ishd  irf  feOrfe  Wc.  Tllfc  tfcactfVlty  TnMailiitd  In  ttle  is  in  rjn  ess  i»T  2‘14  ^WuAi  io  nircded  to  coin|p>cTi6iilife  ti»T  this  i^ititctmty  as  Ulfc 
opietatton  proceeds.  Utit  Ubsfgjn  cbntidt  ^yslelth  ^ *1CW6. 
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CONSTANT  ENRICHMENT  3-D  POWER 
PROFILE  WITH  RAISED  REFLECTORS 


Small  reflectors  raised  5 cm 


PRAI  r & WHIINEY  XNR20Q0  CGnMCM 


»SW)Z 


Ctfijstnm  Rmldiuicrn  Poacr  Utilkiiia: 

Pqw«r  UIl  tUie  to  the  axinl  dtsplaccmml  of  Irn  deilr  ee  refli-rtni  sr^inrnls  ts  Ktiown.  inn;  iO  tlrflrre  re/lrrlor  segnienl»  lue  ral^U  by 
5cm.  'I'hc  (X)MHINtC  H(ll.l  ) VKNTlfKK  coiuputci  v*«lc  sysinii  Is  iiwil  lo  r:iU  n}.Hc  1>  pnwci  disiiilrtiUon  in  (he  intd-rnrc  ref>inn. 
'rili;  |Mtwt*r  al  (Ik*  rot  cm  it  ml  axis  Is  iiirirasrtl  iliir  to  tiir  Rif'nlllraiU  Icalutji'c  IttsH  <v|  ticitlnms  through  tlic  it|iCMiti^  111  liic 

radial  tciUxlor. 
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Core 


Outer  Core 


f»RATT  A WHItNE:  V Xl^it2000  OEnMET  nt 


2&S03 


4 t^^ihpefaiiire  cUrnideitt  tiT  iericUvtly  ist  siililH. 

• (iittcfr  cote  fuel  (cni|ji*frii Ufd  is  iittir  «rH«»  fit  i trie  siflailt^r  Wie  fttiifer  tqii;  ftief  efi«mcleii<. 

t iyuitt  em  fttOl  Ccinitfcl-^ttiirfe  is  <il£7  iit  fctqrk*i|i  i A hi/ii  ii'tliitqi  tilifiCf  <;<^ernbieHi. 

jCNtortOd 

Iimcf  Coic:  rt  (f>  22(K)k)  = -8.0  x i0‘^  Ak/K 

K 

rini**r  li  iti  = -8.8  X iii-7  aH/k 

•k 
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ADEQUATE  INTERNAL  SHIELDING 
INCLUDED  IN  DESIGN 


Neutrons 

Fast  neutron  flux 
(E>1 .0  mev) 
Intermediate  energy 
neutron  flux 
Thermal  neutron  flux 


XNR^DO 
(8.012.G)  x roio 

(2.4+.6)  X 10^2 

(3.61.9)  X 10^^ 


NASA  limits 

2.0  X 10^2 

3.0  X 10^2 

6.0x1011 


Gamma  - rays 

Model  results  indicate  gamma-ray  fluence  is  very  sensitive  to  system 
geometry.  A refined  estimation  of  gamma  - ray  fluence  will  require 
further  definition  of  configuration  and  constraints 
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AUs:uiiit{iUtau.luUl2liit:MhiU  itttrlmlcUJiiliiaJiiU 

MCNP  Is  tluc  l»  ralculiilc  tiu;  last.  (lUrnmMlUite  ami  llu-i  iiml  ncutmii  lliisrs  al  tlir  u|>pcr  pait  of  Uic  cote.  Past  aiul  tiicniial 
neutron  fluxes  arc  3lj(nmcai»liy  lower  than  tlw  lliulls  sperltled  l«r  the  liasdiitc  drsljin.  Accurate  estlmalUMi  of  Uw  gamma-ray  flux 
al  tile  upper  part  of  (itc  shlekled  core  rct|iiiv«  luoic  ilctaileci  Infonimtiuii  lui  ilir  upper  core  structural  materials. 
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SUMMARY  OF XNR20Q0 
RmCTOR  NUGLFAR  DESIGN 


» State  of  the  art  analysis  techniques  employed 
to  ensure  design  oritioality,  controllability  and  safety 

• High  oonfidence  provided  by  benchmark  analysis 

and  Independent  evaluations  by  B^)N  and  ANL 

• Evaluation  of  all  major  reactor  issues  confirm 

advantages  and  flexibility  of  baseline  approach 
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Babcock  & IMcox 
Assessment  of  the 
Pratt  & Whitney  XNR2000 


Babcock  & l^cox 
Space  Systems  Engineering 

K.O.  Westerman,  S.W.  Scoles,  a.B.  Jensen,  J.H.  Rodes,  M.W.  Ales 

October  1992 


this  Document  Prepared  Eailusively  for  Pratt  4 Whitney 
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n%  (Vwutrwnl  (^«9J4ir<d  Pr«.ll  «kyyt«to4|f 


Bal^caflt  & Wilcox  Aasesament  of  the  ggatt  & Whitney  3Wl^?fl6e 

Pratt  «t  Mhitwey  cpntraQted  with  Babcock  ^ wtioojf  i^^vahb@4 
Byatarais  phfii^eeFingiSpaoe  systems  pnginoaring  to  pjFbvi4o 
engipaesf  ing  support  services  for  their  HAS^  Sil  Task  Ors^er 
Contract,  Araongs  other  things*  is  a reactor  aystgin  yen^or 

^ith  phvsic4»  thermal  hydrauiics,  j^»ateriais,  systewf,  meohahieei 
engiheering  Sh4  manufacturing  capabilities.  M\i  is  a iso  the 
aperator  et  the  only  commercial  facility  licenseg  to  manufacture 
large  quantities  of  highly  enriched  reactor  fuel. 
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Introduction 


■ Scope  of  B&W Efforts 
- Fuel  Element  FabricabUity 
Assessment 

-Meeiianical  Design  Review 
~ Neutronics  Analysis  Review 
~ Safety  Assessment 
■Results  of  Mecbanical  and  Physics 
Reviews  Included  In  P&W  and  U of  F 
Presentations 


TN«  OocuRitnit  PncMiwt 
ENduwfy^y  l«  Airtt  A W»Wn<*v 


Babcock  ft  WIICOK  ••  MtOwnvtt  CMBpnay 

Space  SyStema  Kogiiteeiitm 


Introduction 


B&W  performed  four  subtasks  for  P&W  as  follows: 

1)  Fuel  Element  Fabricability  Assessment  - An 
assessment  of  the  fabricability  and  manufacturability  of 
CERMET  fuel  elements  and  the  recoverability  of  the 
applicable  technology. 

2)  Mechanical  Design  Review  An  overall  review  of  the 
reactor  system  from  a mechanical  engineering  standpoint. 

3)  Neutronics  Analysis  Review  ~ A review  of  the 
neutronics  calculations  performed  for  P&W  by  the  University 
of  Florida. 

4)  Safety  Assessment  - An  overall  assessment  of  the 
reactor  system  from  a safety  point  of  view. 

The  results  of  the  mechanical  and  physics  reviews  have  been 
integrated  into  the  design  and  previously  presented.  .The  results 
of  the  fuel  and  safety  assessments  are  presented  here. 
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CERMET  Fuel  Fabricabilitv  Assesament 


The  f abricability  of  CERMET  fuel  eleiments  is  a majof  issue 
in  the  design  of  the  xnrSOoo  reactor.  The  reactor  uses  l30th 
tungsten  end  molybdenum  based  UOj  CERMET  fuel  elements.  Most 
work  on  CERMET  fabriGability  has  focussed  on  tungsten  based  fuel 
elements.  Since  tungsten  based  CERMET  fuel  elements  are  more 
difficult  to  fabricate,  it  is  reasonable  to  assume  that  if  they 
are  fabricable,  then  molybdenum  based  CERMET  fuel  elements  will 
also  be  fabricable.  The  same  issues  and  eonsiderations  that 
apply  to  tungsten  based  fuel  elements  will  also  apply  to 
molybdenum  based  fuel  elements. 
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CERMET  Experience 


^Proposed  for  Several 

- AirenUV  fiuct€Mir  INrogiulsIoo  Pio^ 

-General  Vlectrlc7t0Frofnifn  > 

Nisclrar  Roclief  Pf^^ 

- Mttltlntefpairan  Pfoiprara 
nStguUlcant  IMtng  Bas  Been  Performed 

- Hlgjb  Tenii^eratare  £&>Core  Testing 
^ Higli  teinperamra  i»i:ora 

-Qoi  Hfdrogen  HowlMlng 
-tliennalSlHMii 
■Testing  Results  Are  Positive 

- Mlcrastruciural  Integrity  Maintain^ 

- tittle  Swelling  or  tealoige  Observed 

Gladding  Integrtty  and  Fnel  Retention  VerlRed 
■CERMBT  Fuel  Element  Fabrlcidlon  Tech«<rfiu5r  0«Mioiwtrated 
-37  CTiannel  Prismatic  Fuel  Betnents  FabHcated 

- Manufacturing  Process  Is  Recoverable 


OocuoMnl  Prupvnid 
£MAii«v«<y  Inr  Pmtt  Whiir^v 


Babcoeg  & Wilcox  - «McbrnH«ll  C 
.SfMice  Systems  KniOfmriftg 


CERMET  Experience 

CERMET  based  fuel  elements  have  been  proposed  for  several 
programs  in  the  past.  The  Aircraft  Nuclear  Propulsion  program 
provided  early  experience  with  CERMETS.  Some  fuel  was  made  and 
tested,  but  it  was  not  a prismatic  forjm.  In  the  General  Electric 
710  program/  prismatie  37  coolant  channel  CERMET  fuel  elements, 
similar  to  those  proposed  for  use  in  the  XNR2000,  were 
constructed  using  at  least  two  different  techniques.  Extensive 
testing  was  performed  and  documentation  of  these  efforts  is  good. 
The  Multimegawatt  program  demonstrated  recovery  of  the  ANL 
Nuclear  Rocket  Program  technology.  During  the  course  of  the  710 
program  and  the  Nuclear  Rocket  Program,  significant  testing  of 
CERMET  fuels  was  performed  including:  high  temperature  ex-core 
testing,  high  temperature  in-core  testing,  hot  hydrogen  flow 
testing  and  thermal  shock  testing.  The  test  results  were 
positive,  little  swelling  or  leakage  was  observed  and 

microstructural  integrity  was  maintained . CERMET  fuel  cladding 
integrity  and  its  ability  to  retain  the  fuel  was  also  verified. 

The  CERMET  technology  development*  that  has  been  performed 
forms  a good  basis  for  the  ivecessary  follow-on  work.  The  past 
work  should  be  integrated  with  current  technology,  where 
appropriate,  and  a demonstration  fuel  element  should  be 
fabricated  using  depleted  uranium  or  a surrogate  fuel  material. 
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Basis  of  B&W  Fuel 
Assessment 

m Program  Reports 
-General  Electric  710  Program 

- ANL  Nuclear  Rocket  Program 

- Multimegawatt  Program. 

; ■Visit  to  Argonne  National  Laboratory 
; ■Discussions  with  B&W  Fuel 
Manufacturing  Experts 
— Experienced  With  Similar  Materials  and 
Processes  (refractory  metals  and  OO2) 


Basis  of  B&W  Fuel  Assessment 

The  B&W  fuel  fabricability  assessment  is  based  on  written 
accounts  of  previous  work,  discussions  with  people  who  performed 
some  of  that  work  and  discussions  with  our  own  manufacturing 
experts.  The  General  Electric  710  program  and  the  Multiroegawatt 
program  both  left  good  documentation  of  their  efforts.  A trip  to 
Argonne  National  Laboratory  was  made  to  talk  to  some  of  the 
people  involved. in  the  manufacture  of  CERMET  fuel.  B&W 
manufacturing  personnel  are  experienced  with  refractory  metals 
and  UO^.  Discussions  with  B&W  fuel  manufacturing  experts 
solidified  confidence  that  CERMET  fuel  manufacturing  technology 
is  easily  recoverable. 
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I liaiigsten/U02  CERMET 
' Fabricatloii  Considerations 

MTkmgsteii/Ifffe 
Homogeneity 

- Camcoat  Process 
■ If  O2  Stoicfeitometry  Can  Be  Conttoiled 

During  Processing 
I ■ Proposed  Fabrication ‘Itechniques 
i - Machining  of  Monolitlilc  Subsections 
-Stacking  of  Wavy  Plates  to  Form 
Subsections 

- Forming  of  Near  Net  Shape  Subsections 


T*unasten/UOT  CERMET  Fabrication  Conaiderationa 

The  CERMETS  used  for  the  XNR2000  are  formed  by  consolidation 
and  densif ication  of  UOj  and  tungsten  (or  Tuoiybdenura)  powders. 

The  UO2  in  CERMET  fuel  elements  produced  usinq  any  process  must 
be  distributed  unifortnly  In  the  element.  Uniformity  as  used  here 
has  two  different  meanings.  First,  the  UOj  loading  must  be 
locally  uniform  throughout  the  element  subsection.  Second,  and 
perhaps  more  important,  the  UO2  fuel  particles  must  not  cluster 
in  the  CERMET,  but  rather  must  be  individually  isolated  by 
tungsten  matrix  material.  This  ensures  that  each  fuel  particle 
will  be  cooled  adequately.  Because  of  the  differences  between 
the  behavior  of  tungsten  and  UOj  powders,  these  powders  must  be 
pre’-processed  to  ensure  blending  before  they  can  foe  consolidated 
In  a powder  based  process.  It  is  assumed  in  the  discussion  of 
each  consolidation  process  that  a suitable  blending  process  has 
been  used  prior  to  the  actual  fabrication  of  the  element.  One 
possible  blending  process  is  the  Camcoat  process  developed  in  the 
General  Electric  710  program. 

A number  of  possible  consol  i Hat  ion  processes  may  be 
employed.  These  include,  but  are  not  limited  to,  pressing  and 
sintering,  hot  extrusion,  hitd'  energy  raV:e  forming  (HERF)  and 
heat  treating,  hot  pressing  and  hot  isostatic  pressing  (HIP). 

All  of  these  processes  should  he  capable  of  providing  solid 
element  subsections  with  little  porosity  in  the  matrix.  Some  of 
the  processes,  such  as  hot  extrusion,  will  impart  an  axial 
texture  to  the  element  material.  The  acceptability  of  such 
texture  must  be  evaluated  prior  to  selection  of  a texture 
producing  process. 

In  all  of  the  above  consolidation  processes,  the 
stoichiometry  of  the  UO,  fuel  can  be  controlled.  This  is  done  by 
performing  the  consolidation  operation  in  an  atmosphere  where  the 
oxygen  partial  pressure  is  controlled.  Typically,  this  involves 
consolidating  in  a hydrogen  based  atmosphere.  Control  of  UO2 
stoichiometry  is  critical  because  deleterious  effects  occur  if 
the  fuel  is  either  hyper-  or  hypo-  stoichiometric. 

Three  CERMET  fuel  element  subsection  fabrication  techniques 
were  evaluated:  machining  of  monolithic  subsections,  stacking  of 
wavy  plates  to  form  suhsections  and  forming  of  near  net  shape 
subsections-  Each  fechnigue  in  described  and  a preferred 
fabrication  technique  is  recommended.  Machining  of  monolithic 
subsections  was  used  in  the  General  Electric  710  program  and 
forming  of  near  net  shape  subsei-t i ons  was  used  in  the  ANL  Nuclear 
Rocket  Program  to  fabricate  fuel  elements. 
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I Puel  Element  Asseimbly 

! HComptmeiits 

, **  CEBMET  Pnei  Stibfieciioiis 

i ’^Ibngsteii/Rtaetiluin  Sinictiira^ 

: -ItingsteniCoolantCliannels 

i MAssemtiip  Options 

I - stack  Sttbsectifins  In  Can,  Insert  llilies  Por  j 

I < Coolant  Channels,  HIP  IP  Bond  Can  and  tubes 

i lUiUei 

-DiffvsIon  Bond  Subsections  tu  Bach  other,  i 

HIP  lU  Bond  Piiei  'lU  Can,  Porm  Coolant  > 

Channels  By  CVD  Coating  or  Insertion  of  tubes  ’ 


Fuel  Element  Assembly 


FjiS i.  BXement  Assembly 

A complete  CERMET  fuel  element  consists  of  the  CERMET  fuel 
subsections,  a tungsten/ rhenium  structural  can  and  tungsten  lined 
coolant  channels.  Final  assembly  of  those  components  into  full 
length  fuel  elemonts  can  bo  acCorop I i shod  in.  a number  of  different 
ways.  One  option,  used  in  the  710  Program,  is  to  stack  tlie 
subsections,  insert  t%mgsten  flow  tubes  in  the  aligned  channel 
holes  and  place  tlie  stack  in  the  tung*.;i  on/ rhenium  can.  A HIP 
operation  is  performed  to  bond  the  can  and  •£ low  tubes  to  the 
subsection  stack.  With  this  option,  the  can  is  structural  and  is 
the  sole  load  bearing  component  in  the  element,  Another  option 
is  to  coat  the  external  surfaces  of  the  element  subsection  and 
the  Ip  of  the  coolant  channels  with  tungsten  prior  to  bonding  a 
structural  can  onto  the  stack.  This  would  eliminate  the  need  for 
inserting  full  length  flow  tubes  into  the  elements.  A final 
option  would  be  to  bohdi  the  subsections  together  to  form  an 
Integral  fuel  stack  prior  to  bonding  the  stack  into  the  can. 
Diffusion  bonding  is  one  possibility  for  the  bonding  process. 
Tungsten  washers  or  standoffs  could  be  used  between  subsections 
to  create  a plenum  or  transition  section  to  minimize  the  effects 
of  hole  misalignments.  The  coolant  channels  can  be  formed  as 
coatings  oh  the  subsections  prior  to  assembly  or  by  inserting 
tubes  prior  to  can  bonding. 

Of  the  assembly  options,  bond  inn  the  subsections  together 
prior  to  iiirth»‘r  .uisembly  is  pi  «*i  <i  ii*d  lu'caur.e  it  rodnees  the 
dependence  on  the  fuel  element  can  for  structural  integrity.  It 
is  not  clear  what  technique  is  best  for  forming  the  tungsten  flow 
tubes.  Further  technology  evaluation  i.«5  necessary  in  this  area. 
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Monolithic  Fabrication 

■Coitsoltdate  and  Densify  aMonolillife 
Subsection 

■ Machine  Coolant  Channel  Holes 
- Diamond  DiilUnR  Or  liitnnonlc 
Machining  (EDM  won't  work) 
-Subsection  Thickness  limited  By  Runout 
lb  1 to  5 an  (I  cm  sections  with  smaUer 
holes  were  made  In  the  6E  710  program) 
H if  Using  CVD  Coated  Coolant  Channels, 
Apply  Coating  Prior  Ts  Further  Assembly 


Monolithic  Fabrication 


This  bocunent  Prepared  by  UM 
Exclustyely  for  Pratt  A WiUnSy 


Monolithic  Fabrication 

In  the  monolithic  process,  the  coolant  flow  channels  are 
machined  into  a consolidated  subsection.  This  may  be  done  by 
drilling  with  diamond  tooling  or  ultraKonic  machining. 

Electrical  discharge  machining  (EDH)  is  not  feasible  because  of 
the  high  yolume  fraction  of  insulating  oxide  fuel  in  the  CERMET. 
The  maximum  element  subsection  length  which  can  be  processed  is 
limited  by  runout  and  depends  on  hole  size,  fuel  loadihg,  hole 
pitch  and  manu factoring  tolerances.  The  maximum  subsection 
length  must  be  deterBiined  ns  part  of  the  technology  developnient. 
Experience  with  other  materials  suggests  that  this  length  Is 
between  1 and  5 cm.  This  profr^nr;  war.  nnoil  In  the  cr.nr*ral 
Electric  710  program  to  produce  i cm  thick  CERMET  subsections 
with  smaller  holes  than  propor.ed  for  the  XNR2000. 
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Monotitliic  Discussion 


■Advantages 

- Machining  of  Coolant  Holes  Can  Start  From  'Brue 
Positions  for  Each  Subsection 

-Short  Subsections  Simpli^ir  Inspection 
■ Disadvantages 

- Large  Amount  of  Waste  Generated  By  Machining 

- Machining  Exposes  UO2 

► Fuel  Loss 

> Coating  Difficulties 

- Limited  To  Short  Subsections  By  Runout 

• Joining  of  Many  Subsections  Challenging 
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Mono 1 Ithic  Discussion 

The  major  advantage  of  the  Monolithic  process  is  that  the 
coolant  channels  can  be  machined  into  the  element  subsections 
starting  from  true  positions.  Runout  will  increase  as  the  depth 
of  the  hole  increases,  ultimately  Uraiting  the  length  of  the 
element  subsection  which  can  be  processed.  The  short  length  of 
the  subsections  is  an  advantage  for  inspection  if  the  subsection 
flow  tubes  are  applied  as  coatings  before  element  assembly, 
because  it  will  be  easier  to  verify  the  integrity  of  the  flow 
tube . 


There  are  a number  of  disadvantages  associated  with  the 
Monolithic  process.  As  previously  mentioned,  subsection  length 
is  limited  to  between  1 and  5 cm.  Stacking  and  bonding  of  the 
many  subsections  necessary  to  make  a complete  fuel  element  would 
be  complicated. 

Another  disadvantage  of  the  Monolithic  process  is  that  a 
large  amount  of  scrap  tungsten/UO,  debris  will  be  generated  by 
the  machining  process.  The  uranium  must  be  recovered  from  this 
debris.  In  the  current  design,  ot  the  Uo,  initially  in  the 

consolidated  fuel  element  subsection  ends  up  as  debris. 

A final  disadvantage  of  the  Monolithic  process  is  that  the 
machining  process  exposes  UO,  fuel  particles  on  the  channel 
surface.  This  is  an  important  - effect  for  the  following  reasons. 
First,  a significant  fraction  of  the  total  amount  of  fuel  in  an 
element  subsection  will  be  exposed  in  the  coolant  channels. 
Assuming  an  average  UO,  particle  size  of  lOO  /im,  the  fraction  of 
fuel  within  one-half  of  a particle  diameter  of  a coolant  channel 
is  4.9%  for  the  current  design.  It  is  not  unreasonable  to  assume 
that  a large  portion  of  the  exposed  fuel  particles  would  be 
damaged  in  the  channel  machining  process  and  be  lost  in  debris, 
especially  if  fuel  particles  are  intentionally  porous  (to  collect 
gaseous  fission  products).  This  would  lead  to  a relatively  rough 
coolant  channel  surface  and  possibly  to  an  unncdeptabl©  loss  of 

fuel.  A seoonct  conaequence  of  having  exposed  fuel  on  the  channel 
surfaces  is  that  it  may  be  difficult  to  form  the  coolant  flow 
tubes  by  CVD.  Porous  or  damaged  fuel  particles  may  trap  halide 
feed  material  or  CVD  byproducts  and  compromise  flow  tube  adhesion 
during  operation.  In  addition,  UO,  may  react  with  the  CVD  feed 
material  or  byproducts  to  an  unac  crept  able  degree. 
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Wavy  Plate  Fabrication 


Wavy  Plate  Pabrieattc n 

A fabrication  technique  proposed  but  not  actually  used  in 
the  General  Electric  710  program  was  to  build  element  subsections 
from  flat  plates.  This  fabrication  process  begins  with  the 
formation  of  tungsten/ UO^  powder  compacts  in  the  form  Pf  plates. 
Each  plate  would  be  fabri rated  with  grooves  on  both  of  its  faces. 
The  grooves  would  bo  semi » i r <.u  Inr  and  correspond  to  one-half  of  a 
coolant  channel.  Stacking  and  aligning  the  plates  would  form  an 
element  subsection  with  complete^  circular  channels.  This 
technique  can  produce  elements  with  coolant  channels  arranged  on 
a square  or  triangular  pitch,  by  varying  the  offset  between  the 
groove  patterns  on  the  opposite  faces  of  the  plates. 

After  the  formation  of  the  powder  compact,  the  plate  is  then 
consolidated  by  sintering.  It  may  also  be  possible  to  perform 
the  consolidation  toy  hot  pressing,  if  a suitable  material  for  the 
fixturing  required  can  be  identified.  Following  consolidation, 
the  plate  would  probably  need  to  be  ground  to  ensure  flatness. 

The  plate  could  then  be  coated  with  tungsten  to  form  a coating  on 
the  half  channels.  When  the  plates  are  assembled,  this  coating 
would  form  the  flow  tvitoe.  Alternatively,  the  tube  walls  could  be 
formed  after  subsection  nr  fviel  element  assembly  by  CVD  coating 
or  insertion  of  tubes  and  HTP.  After  being  stacked,  aligned  and 
loaded,  the  subsection  is  diflusion  bonded  by  heating  in  a 
controlled  atmosphere  (l^*:vO“K  in  a hydrogen  atmosphere  for  1 hour 
for  example} . 
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Wavy  Plate  Discussion 

■Advantages 

- May  Not  Require  Machining  Of  Coolant 
Channeis 

- Inspection  Simplified  By  Thin  Sections  and  i 
Exposed  Coolant  Holes 

■Disadvantages  I 

-Close  Itolerances  May  Be  Difficult  to  | 

Maintain  (channel  position  +/-  .02  mm,  i 

stacking  idignment  +/-  .02  mm) 

- Minimum  Amount  of  Machining  Required 
Prior  to  loining 

uammmmaamtaBmmmmmammmmmammKammmammmmmmmmmMm  iii  iiiw  ■itwiiwiiMaBaaMawwiMWirM 

lYKsPooufrantPrapwad  B«hCOCfc4fc  WUCOR- 

EmknivMy  for  IValt  ft  Whtfewr  Sjp«C«  SysittMIS  fill«lne«rf  Kg 


Waw  Plate  Diacusaion 

One  of  the  major  advantages  of  the  Wavy  Plate  process  is 
that  the  coolant  channels  can  be  fabricated  without  having  to 
machine  them  into  fully  consolidated  CERMET?.  Another  major 
advantage  is  that  forming  the  tungsten  flow  tubes  by  coating  the 
plates  prior  to  stacking  would  allow  easy  and  detailed  inspection 
of  the  integrity  of  the  flow  tube. 

The  major  disadvantage  of  this  process  is  that  sintering 
induced  shrinkage  will  affect  the  final  dimensions  of  the  plate. 
Accordingly,  it  may  be  difficult  to  maintain  the  required 
tolerances  in  plate  dimensions.  Additional  difficulties  may  be 
encountered  in  stacking  and  aligning  plates  to  form  element 
subsections.  Even  if  plate  dimensions  are  such  that  perfect 
alignment  is  achieved,  it  may  be  difficult  to  maintain  this 
alignment  during  the  plate  bonding  operation.  Channel  position 
and  stacking  alignment  tolerances  will  both  be  of  the  order  of  ± 
.02  mm.  The  tight  tolerances  are  necessarY  to  minimize  coolant 
channel  offsets  and  maximize  web  contact  area.  A final  potential 
problem  is  that,  if  additional  machining  is  required  after 
consolidation,  many  of  the  disadvantages  related  to  machining 
mentioned  earlier  may  be  present. 
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Near  Net  Shape  FabrlcaHon 
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Near  Net  Shape  Fabrication 


Wear  Net  Shape  Fabricat ion 

Fuel  elements  were  constructed  usinq  this  proGess  in  the 
General  Electric  710  program  and  again  during  the  Multimegawatt 
prograia.  Xn  this  process,  treated  tungsten/UO.  powder  is 
introduced  into  a flexibLe  rubber  mold  which  contains  raolybdenuni 
rods  oir  wires.  After  filling,  the  mold  is  cold  isostaticaiiy 
pressedl  to  form  a fuel  element  subsection  powder  compact.  The 
molybdenuim  rods  or  wires  are  used  to  form  the  coolant  channeXs  in 
the  compact.  During  mold  filling,  the  molybdenum  channel  formers 
are  held  rigidly  in  a truingular  array,  with  the  pitch  between 
the  channel  formers  slightly  greater  than  that  required  in  the 
consolidated  subsection,  to  allow  for  shrinkage  during  sintering. 
The  key  to  this  process  is  that  elastic  strain  stored  in  the 
powder  compact  during  isos ta tic  pressing  causes  the  compact  to 
expand  slightly  after  the  pressure  is  removed.  This  spring- back 
effect  is  of  a magnitude  sufficient  tp  allow  the  channel  formers 
to  bn  «Mr. ily  ’*vMn  '-'mivw . 

After  isostatic  pressing,  the  powder  compact  is  sintered. 

The  tu nq sten  ma t r i x : a n be  lens : f iod  r. p essent  i a 1 1 y t .heo r e t i ca  1 
density  at  the  relatively  mod dot  temperature  of  19S0*K,  CERMETS 
con ta  i n if ig  up  to  61  /•  > ! n mn  pe  r t « n r DO . h a ve  been  f a h r i ca  t ed . 

$«gments  40  to  50  cm  long  were  made  using  this  process 
during  the  General  Eloctrir  ’*.')  program.  The  useful  length  may 
ultima cely  be  iVmit.erl  r<-»  «*,  rp  15  cm  by  other  factors  stich  as 
cha nhe  1 s tr a i « |h l.ne* ; s t • j ! * vr  a n» *■.  a n<  1 i nsnec t . i b 1 1 1 1 v . 
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Near  Net  Shape  Discussion 

^Advantages 

- No  Machining  Required 

- Possible  lb  Fabricate  Longer 
^bsections 

■ Disadvantages 

- Sintering  Shrinkage  Must  Be  Considered 

- Inspection  of  Longer  Subsections  More 

Difficult  i 


Babcock  4k  Wlion  - aMdkrfwMi  cmbpmt 
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Near  Net  Shape  Discussion 

This  process  has  two  major  advantages.  First,  a fuel 
element  sufos^gtion  is  produced  which  is  truly  near  net  shape. 

Some  machining  of  the  external  surfaces  of  the  subsection  may  be 
required  if  inter-element  spacing  tolerances  are  tight.  However, 
the  coolant  channels  are  formed  without  machining  and  no  fuel 
particles  are  exposed  in  the  channels.  The  other  advantage  is 

this  process  can  fabricate  significantly  longer  element 

subsections  which  drastically  reduces  the  number  of  bonds 
required  to  fabricate  an  integral  full  length  element. 

The  major  disadvantage  of  this  process  is  that  significant 
process  qualification  and  control  will  have  be  performed  to 
ensure  that  dimensional  tolerances  in  the  consolidated  element 
subsections  will  be  met.  This  work  is  necessary  to  guarantee 
that  sintering  shrinkage  is  reproduGibie  from  run  to  run  during 
production.  Process  optimization  may  be  necessary  for  each  batch 
of  powder  used.  Another  disadvantage  of  this  procoaa  ia  that  tho 
longer  length  subsections  produced  make  inspection  of  the  coolant 
channel  surfaces  more  difficult. 
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Inspection  and  Q/A 
Requirements 

a Define  FurI  Eieinent  Specifieafions  anil 
'Rilerances 

■iMIdafe  the  Chosen  Process  Using  Destructive 
lasting  VOHfy  and  Quantify 
-Homogeneity 

- Uranium  Assay 

■ Use  Nondestructive  lasting  lechnlques  lO  Check 
For 

-Cross  Defects 

- Dimensions  (Size,  Shape.  Straightness. 
Roughness) 

, - Bond  Integrity 
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Inspection  and  Q/A  Requirements 

Significant  development  effort  will  be  required  in  the  areas 
of  inspection  techniques  and  quality  assurance  procedures.  For 
critical  iteins,  such  as  fuel  elements  in  a man-rated  system, 
there  is  no  such  thing  as  an  excessive  amount  of  inspection. 
Manufacturing  tolerances  and  specifications  for  fuel  element 
quality  must  also  be  determined. 

One  obvious  area  for  inspection  is  conformance  to 
dimensional  requirements.  Aside  from  the  more  obvious 
dimensional  measurements,  measurements  of  coolant  channel 
straightness  and  surface  roughness  must  be  performed.  Both  of 
these  attributes  would  be  expected  to  affect  thermal  hydraulic 
behavior . 

Before  element  subsections  are  assembled  into  full  length 
fuel  elements,  it  will  be  necessary  to  verify  that  they  are 
structurally  sound.  At  a minimum,  the  porosity  of  the  tungsten 
matrix  should  be  determinetl  and  the  absence  of  gross  defects 
verified.  Also  required  is  measurement  of  the  integrity  of  all 
bonds  in  the  fully  assembled  fuel  element.  These  include  the 
bonds  between  element  subsections,  between  the  coolant  flow  tube 
and  the  CERMET  fuel  and  between  the  can  and  the  fuel  element. 
Ultrasonic  and  eddy  current  inspection  techniques  can  be  used  for 
these  measurements. 

Where  direct  measurements  are  not  possible,  verification  has 
to  be  performed  by  qualifying  the  process.  This  is  accomplished 
by  running  process  control  samples  through  the  element 
fabrication  process  and  performing  destructive  evaluations  on 
them.  Two  measurements  for  which  this  may  tiave  to  be  done  are 
UO^  content  and  homogeneity  ot  the  fuel  subsections.  The 
necessity  for  homogeneity  has  already  been  discussed.  Fuel 
content  is  required  for  SNM  accountability.  It  is  also  necessary 
to  verify  the  fuel  loading  of  each  element  to  ensure  that  the 
reactor  will  have  sufficient  reactivity. 
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Fuel  Element  Assessment  Concluaiona 

There  are  no  insurmountable  obstacles  to  fabrication  of 
tungsten  or  molybdenum  UO,  CERMET  fuel  elements.  XNR2000  fuel  is 
manufacturable  using  demonstrated  technology.  There  were  no 
materials  incompatibilities  noted  in  this  investigation.  Fuel 
element  performance  is  not  limited  by  structural  considerations 
but  by  the  melting  point  of  the  UOj.  The  maximum  nominal  fuel 
temperature  in  the  XNR2000  is  well  below  the  bO,  melting  point. 

The  recoverability  of  the  CERMET  processing  technology  has 
been  demonstrated.  The  development  of  CERMET  fuel  technology 
should  not  impose  cost  or  schedule  limitations. 

Of  the  three  processes  considered  for  the  fabrication  of 
tungsten  (or  molybdenum)  based  UO^  CERMET  fuel  elements,  the  Near 
Net  Shape  process  is  preferred.  As  discussed,  this  process  has 
the  potential  of  producing  long  length  element  subsections 
without  having  to  machine  the  coolant  channels.  The  process  uses 
well  known,  technically  simple  processing  steps.  These  steps 
will,  of  course,  haye  to  be  extremely  well  characterised,  to 
control  sintering  shrinkage  and  allow  diraensional  tolerances  to 
be  met.  Finally,  this  process  has  been  investigated  extensively 
in  the  past  and  there  is  a significant  experience  base  with  it. 

The  wavy  plate  fabrication  scheme  also  has  potential.  It 
should  be  further  investigated  in  parallel  as  a backup  option. 
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Safety  Assessment 

The  Pratt  & Whitney  XNR2000  NTRE  has  been  designed  with 
safety  as  a primary  consideration. 

The  safety  of  the  public,  mission  personnel,  the  crew  and 
the  terrestrial  and  non-terrestrial  environment  have  all  been 
considered.  The  main  safety  characteristics  of  the  XNR2000  are 
highlighted,  and  the  effect  of  thrust  level  on  safety  is 
considered . 
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Basis  of  B&W  Safety  ! 
Assessment 

■ Requirements  Determined  From 
Published  Documents 
-NSPWG 

' -NASA 
-other 

■ Design  Evaluated  Based  On  Information  j 
'•  Supplied  By  P&W  and  If  of  F 

: ■ Some  Physics  C^cu^dlliplis. , 
Independehtiy%rill^ 

' ' IUAoWK*lWIC4Nt^«ii^^ 


M naff  A vnatMif 
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Baals  of  Safety  Rsaesameint 

The  first  step  in  the  B&W  safety  assessinent  was  to  determine 
what  the  requirements  and  safety  concerns  for  SEI  NTRE  systems 
are.  Some  of  the  documents  used  are  listed  here: 

A.C.  Marshall,  et  al;  "Nuclear  safety  Policy 
Working  Group  Recommendations  on  Nuclear  Propulsion 
Safety  for  SEI";  (to  be  published) ; 1991. 


Revision  3;  NASA  N.P.  #002;  1992. 

L.W.  Connell,  D.b.  Potter,  C.C.  Wong  and  M.W, 

Kniskern;  "Nuclear  Thermal  Rocket  Entry  Heating  and 
Thermal  Response  Preliminary  Analysis";  Proceedings  of 
the  Ninth  Symposium  on  Space  Muelear  Power  Systems;  p. 

923;  January  12-16,  1992, 

Occupational  Safety  and  Health  Administration, 
Department  of  Labor;  US  Code  of  Federal  Regulations,  29 
CFR  1910.96. 

S.N.  Jahahan;  "The  Reactor  Physics  Design  of  Gas- 
Cooled  CERMET  Reactors  and  Their  Potential  Application 
to  space  Power  Systems";  Nuclear  Technology ; vol.  98, 
p.  257;  1992. 

P.M.  Sfor^a,  M.  t.  Shboman,  D.G.  Peiaccio;  "A 
Sa f e ty  a nd  Re 1 iab i 1 i t y Ana 1 y s is  for  S pace  Nuclear 
Therma  1 Propu  Ision  Systems " ; I AA*^92  -0376  ; 43*^  Congress 
of  the  International  Astronaut leal  Federation;  1992. 

D.  Atkinson,  et  al;  "Collision  Damage  to  Nuclear 
Satellites"^  of  Ihe,, American  Nucleac 

Topiga.i,^  Nuejeay  TechopjogY f.Q.g Space 

;■  -y. 

p.  Buden;  "Safety  Questions  Relevant  to  Nuclear 
Thermal  Propulsion";  Proceedings  of  the  Ninth  Symposium 
on  Space  Nuclear  Power  Systems : p.  648;  1992. 

The  XNR2000  design  was  then  evaluated  v/ith  respect  to  these 
requirement's  and  concerns  based  on  information  supplied  by  Pratt 
& Whitney  and  the  University  of  Florida. 


235 


NTP:  System  Concepts 


NP-TIM-92 


Reactor  System  Safety 
Characteristics 

•FlowPatb 

* Hu9l  Puss  Scheme  Enipffi  liw 
Utemp^r^tiifes  lA  OAtf f CAfA 
No  Moilf folof  Hi  HooI 

■Thennai  Moi^;li|s 


Reactor  Tetnparotwoa 


Outlet 

i Peak  '• 

UQ2 

Ret^aeitorv 

i Hydrogen 

1 Fuel 

Melt 

i Melt 

Outer  Core__ 

2007  1 

-3150 

L-  

Inner  Core 

i7  2669 

r 2880  i 

-3150 

T '3700 

Reactor  System  Safety  charaoteristica 

Safety  consideratipns  must  be  an  integral  part  pf  the  Resign 
proeesa  for  any  pan-rated  space  system.  Inherent  safety  is  the 
preferred  goal,  and  passive  systems  are  preferred  over  active 
systems . The  dual  pass  flow  scheme  ensures  low  temperatures  in 
the  pgter  core  in  a simple  way.  The  fact  that  there  is  no 
mpderatpr  to  cool  also  simplifies  the  flow  path.  The  peak  fuel 
temperature  in  the  inner  core  is  2880®K  (outlet  hydrogen 
temperature  of  2669'^k)  ; this  compares  to  tungsten  and  UOi  melting 
points  of  370Q®K  and  3150^K  respectively.  In  the  outet  core,  the 
peak  fuel  temperature  is  2007 °K  (outlet  hydrogen  temperature  of 
1659 ®K) ; the  melting  point  of  molybdenum  is  2900®K.  These  large 
thermal  margins  provide  advantages  in  transient  and  accident 
situations.  The  reflector  windowing  leakage  control  scheme 
proposed  for  the  XNR2000  is  simple  and  robust.  Redundant  control 
and  shutdown  systems  are  provided. 
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CERMET  Fuel  Form  Safety 
Characteristics 

■'Ihermal  Shock  Resistance 
a Long  Iterm  Stability 

- CompaUble  With  Hot  Hydrogen 
-LowSwelUng 

a Hlgh  Thermal  Conductivity 
-Tiingsten  - ~ too  W/m*K 
-U02*-2W/m*K 

- Bulk  CERMET  • -33  W/m*K 

nlUngsten  Used  As  Primary  Barrier  For  Fission  Product 
Retention 

- Demonstrated  Performance  in  Hot  Hydrogen 

- Low  lUngsten  Diffusion  Caeftlclent 

- Low  Volatilization  To  Vacuum 


■> 

a 
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CERMET  Fuel  Form  Safety  Characteristics 

The  XNR2000  design  benefits  from  the  inherent  stability, 
robustness  and  transient  tolerance  of  the  CERMET  fuel  form.  This 
may  be  a particular  asset  in  the  long  dormant  phase  and  in 
assuring  operability  until  disposal-  Tungsten  and  molybdenum 
CERMET  fuels  are  more  resistant  to  hydrogen  erosion  than  carbide 
fuels,  and  therefore,  lifetime  is  not  limited  by  coatings 
technology.  They  also  exhibit  low  swelling  and  are  effective  at 
retaining  fission  products.  CERMET  fuels  exhibit  excellent 
thermal  shock  resistance  over  a wide  range  of  conditions.  The 
high  thermal  conductivity  of  the  fuel  is  advantageous  in  under- 
cooling scenarios  and  decay  heat  removal.  Bulk  tungsten/U02 
CERMET  thermal  conductivity  is  in  the  range  of  33  W/m*K,  based  on 
tungsten  and  UO^  thermal  conductivities  of  100  and  2 W/m^K 
respectively.  When  damage  thresholds  are  exceeded,  the  CERMET 
fuel  form  can  handle  significant  degradation  before  failing 
catastrophically. 

Tungsten  is  effective  at  retaining  fission  products.  Its 
inherent  stability,  performance  in  liot  hydrogen,  low  volatility 
to  vacuum  and  low  diffusion  coefficient  all  combine  to  make  it 
one  of  the  best  materials  for  this  purpose.  The  General  Electric 
710  program  demonstrated  that  the  CERMET  matrix  alone  will  retain 
85%  of  the  fission  products  it  contains.  With  intact  tungsten 

giadcjing  retention  approncihf?§  lont, 
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Fast  Spectrum  Safety  Characteristics 

The  fast  spectrum  of  the  XNR2000  has  several  positive  safety 
effects.  The  worth  of  the  hydrogen  in  the  XNR2000  is  negligible 
(<.2  % p as  calculated  by  the  University  of  Florida  and  verified 
by  Babcock  & Wilcox) . This  is  helpful  at  reactor  startup,  since 
there  will  be  no  largo  roacttvity  Insertion  due  to  the  cold 
hydrogen.  Little  excess  reactivity  is  regulred  in  the  XNR2000. 
The  lower  delayed  neutron  fraction  in  the  fast  spectrum  makes  a 
given  reactivity  insertion  worth  more  in  terms  of  reactor 
response.  Also,  there  a negligible  xenon  reactivity  effect  due 
to  the  fast  spectrum,  so  there  is  no  need  to  provide  excess 
reactivity  to  overcome  a large  xenon  transient. 

The  fast  spectrum  of  the  XNR2000  may  also  affect  ground 
testing.  Ground  test  facilities  will  have  to  be  designed  to 
handle  the  fast  spectrum  leakage  from  the  NTRE, 
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XNR20QQ  Emergency  safety  Characteristics 

The  high  thermal  conductivity  and  structural  stability  of 
the  CERMET  fuel  is  a benefit  in  accident  situations.  For  partial 
or  full  flow  blockage  in  a coolant  channel,  the  high  thermal 
conductivity  mitigates  the  temperature  rise.  Temperatures  around 
a blocked  channel  may  approach  or  exceed  the  melting  point  of 
UO2.  This  will  not  be  a problem  in  the  localized  area  involved. 
The  tungsten  can  easily  contain  molten  UO,. 

A loss  of  turbopumps  accident  is  handled  by  pressure  fed 
cooling , A high  pressure  reservoir  will  provide  the  hydrogen 
flow  necessary  for  the  critical  period  immediately  following 
shutdown.  After  the  first  minute  or  so,  the  reactor  can  he 
cooled  by  feed  tank  pressure. 


No  NTRE  currently  under  consideration  can  survive  a full- 
power  total  loss  of  coolant  accident.  A low-power  total  loss  of 
coolant  would  cause  rapid  shutdown  of  the  reactor  due  tq  the 
negative  reflector  temperature  coefficient.  A total  loss  of 
coolant  at  very  low  power  or  during  decay  heat  removal  might  not 
be  catastrophic  for  the  XNR2000  due  to  the  robustness  of  the 
CERMET  fuel. 

The  XNR2000  turbopumps  can  be  throttled  to  10%  of  full  flow. 
This  is  a safety  advantage  for  cases  where  the  reactor  power  is 
limited  for  some  reason..  This  feature  allows  the  NTRE  to  provide 
reduced  thrust  at  nearly  full  1,,,.  This  enables  mission 
completion  or  full  abort  capability  for  a limited  reactor  power 
scenario. 

It  has  been  shown  by  the  University  of  Florida,  and  verified 
by  Babcock  & VJilcox,  that  for  all  the  accidents  of  Concern  in  an 
inadvertent  reentry  (compaction  arid  submersion)  the  reactor 
remains  suberitical  by  a siqni f Leant  margin . 
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Safety  Characteristics  of  Small  Engines 

The  thrust  levels  required  for  SEI  missions  qan  be  achieved 
using  a few  large  engines  or  multiple  small  engines*  It  is  not 
obvious  what  conclusion  would  be  drawn  from  the  tradeoffs  for 
small  versus  large  engines  from  an  operational  safety  point  of 
view.  Redundancy  goes  up  for  small  engines,  but  overall  system 
reliability  may  go  down. 

One  area  where  small  engines  have  a clear  safety  advantage 
is  in  ground  testing.  Small  engines  will  be  easier  and  less 
costly  to  test  than  large  engines.  The  test  support  requirements 
and  effluent  throughput  will  both  be  lower,  resulting  in  a 
smaller  and  less  costly  facility.  AGcidents  consequences  will 
also  be  mitigated  due  to  the  lower  fissile  inventory  in  a small 

mm. 


A detailed  fault  tree  faiiure  analysis  will  be  required  to 

tiive  optimum  arrangement  from  an  overall  safety  point  of 
view.  This  analysis  should  be  performed  as  soon  as  possible. 

The  tradeoffs  in  a safety  evaluation  should  include  certain 
mission  parameters.  For  example,  a lower  thrust  level  for  a 
longBr  time  may  result  in  a safety  advantage.  This  would 
probably  also  result  in  a higher  initial  mass  in  low  earth  orbit, 
but  this  might  be  a worthwhile  trade  for  increased  safety. 
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Overall  Gone lus ions 

B&W's  overall  opinion  of  the  XNR2000  is  positive.  It  uses  a 
demonstrated  fuel  technology  which  has  been  shown  to  be 
recoverable.  The  CERMET  fuel  form  has  been  demonstrated  to  have 
high  fuel  integrity  and  important  safety  features.  At  NASA  SEI 
operating  conditions,  superior  fission  product  retention  is 
expected . 

Ground  testing  considerations  point  to  a safety  advantage 
for  small  engines. 

None  of  the  B&W  tasks  have  identified  any  roadblocks  to  the 
development  of  the  XNR2000  as  a viable  NASA  SEI  NTRE. 
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COMPOSITE  NTR  ISP  IS  UMITED 
BY  BURN  TIME 
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The  |>evl»nu;uK:e  hv«‘.l.  sj^wHir  lmf>«)|sR  m jvuprhiijil  rxH  h-ni|K!i  ;Hurn.  ji»i  llicfTimcj  |i;is<m|  N'fUK  sy^itofiis  is  liiiiMexI  hy  hurn 
Ihlie.  I virr.  Um*  Icmprviil  anrl  i*i>{isi’({iieiiHy  Jsp.  t he  N'lliK  ayf^etijis  Is  IlittUctl  hy  burn  (hue  <hie  lo 

Uic  (filtcrcid  civeitiical  iiisiahllMy  h^wceii  Ihc  hoi  hy<ho^ep  euvli  onjineiil  niul  iHe  carbon  ba»M(  ihel  fojnii. 
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ADVANTAGES  OF  DUAL  PASS  REACTOR 


. Power/Flow  Matching 
, Material  Temperature  Matching 
. Flat  Radial  Profiles  (Mixing) 

. Isolated  Hot  Core  ^ 


900  seconds  hp 
Superior  Fn/Wt 


Ilie  piimaty  alfraillve  I'caUtics  pruvUlcd  by  the.  dual  pass  iKurloi  norc  arc  stiMmKiilwxl,  A Hal  rmlkd  power  prorjlc  Is  piuvldecl  by 
the  dual'iKiss  reactor  due  lo  the  avcrii^hig  «l‘  power  dJstiihuUcms  rciallve  to  two  dtetlitcl  i cations.  Poslllve  flow/power  inatcliliiK  is 
achievable  because  the  separatloji  of  Uic  tntier  and  mdei  em  es-  I'tie  u^Ktimuu  fuel  eleinetil  power  sfiape  factors  appear  in  the 
outer  c<ue  ren^«i  t>ecause  itl  ttie  proxtiuicy  of  I he  larllal  rellcrtor.  llowevi*v,  iiet'anse  the  outer  core  serves  «is  the  first  pass*  1 lie 
coolest  hydrojtMi  prupeltuiit  passes  thioti|*h  the  oulci  l oic  mid  cUinmatrH  furl  Iriiiprtaliiir  cnitcrtii.  A<tdlti<»iaUy*  upper  plriumt 
mixiiif*  id  the  hydte^ea  serves  lo  ellititnate  tlie  oulei  cote  |uiwci  peaks  hum  the  inner  cme  fuel  cfcmciits.  lire  dual  pass 
configuration  isolates  the  hot  inner  core  fuel  eietttetas  from  i\vt  rest  of  the  engine  system,  llils  isulatluii  provides  iiiatenal 
(If9tlblltty  allowtiig  the  use  of  tighter  weight  Moly  Irased  tiiel  rleinrids  lii  the  outer  totc  and  a De  radial  reflector  which  provides  the 
most  reachvlly  worth  for  I lie  weight.  The  most  uhvlmis  Irenclll  ol  the  dual  pass  coic  Is  tiat  reduced  axial  thenir^gtadleiits  and 
cunsequendy  Uicfriial  stress  loails  placed  <»i  tVie  fuel  elcnieuls. 


NP.TIM-92 


243 


NTP:  System  Concepts 


ADVANTAGii  W FAST  SPi^THWIi 
CERMET  REACTOR 


• Safety 

. Positive  Fuei  and  Fission  Pfoduct  R©t«fitlon 
. CompacttonAiYiinersion 
. Long  LMe 

• Simple  Design 

. No  Hz  ReaetIvHy  FeOdbaok 
. Simple  Support  (No  Tie  TuOe  CompiexWy) 

. Control  Flexibility 

• Strong  High  Conductivity  Fuel 
. Seif  Supporting 

. Dimensional  Stability 
. Resistance  to  Thermal/Physical  Shock 


Adyartagcs  of  £ast  ^Socrlrmn  Oennel 

Tiir  XNVW.f)!M)  hiin<ls  I?k:  r^iirUriMT  and  daLU.as,  nf  rWuM*!  fildalnnl  tn  iiw  flK/JO  aiiiJ  ANL»HUf,iinis  n-  f.|s» 
Sart  '"V*  *‘**'*’‘  “ I wiuH ...mttiiis  Aft  MAt<A  tui.t  «i«l  «kaac, 

r^art  eaj»ah«»ly  ami  ©uiicrmpaUiy  muter  eredllitc  iU  cSlrrU  scenartos.  DurliMi  (fte-.  <;t:7lO/ANL  pradratus  tlie  Cemiet  fuel  fonri 
dtspl^d  tolerance  Irr^xcHMsive  tom|jcraliire/power  iaiii*is  clue  to  Itie  lif^i  strenillh  and  mndnctlvi^of  the 

fuel  ebspiagr  ccHitptetc  compam>iiHy  in  the  c^t^ed  tud  |ia  oj«raUng  «wtnmmenl  as  as  ctaddina 
and  fnel  iiiatrW  C IE  rom|>;dli>imy.  Hcmlly  the  XNNV«KK>  is  lifised  u|ion  a fuel  fmiji  tj,nl  was  siKressrully  fabricated  aiHl  tested.  ^ 

m ^ A p; ^ system  design  6ccat.se  rrf  l#.c  elimmaftoii  rescUNIy  feedback  from 

Iiydmgen  moderattoa.  A simpitfied  siippoit  stniclme  is  passible  due  to  tbc  bigii  sirengiti  of  Uic  rcftaGtoiy  mptal  baacct  fuel  him. 
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XNR2000  CERMET  NTRE 
NEAR  TERM  RECOMMENDA  TIONS 


• 37  hole  fuel  element  fabrication  trial 

- Near  net  shape 

- Wavy  plate 

• Refine  XNR2000  baseline  design 

- Mechanical  design 

“ Transient,  off  nominal 

- Reliability  analysis 

- Manufacturing  study 

- Health  monitor/control  definition 

• Ensure  "fast  spectrum"  testability  in  PIPET 


RRAvr  & Win  iNty  XNn?nno  ni  riMt;  i nj  in 


XNUVAiyuj.'annrl  Wll<lv  Ntut  lljm 

The.  XMTM  fenn  ilrvrlupimMil  {iiloilUcs  ol  fl«*  basrij  NTltl’  aiv  UsU*d.  A 117  liolr  IkiscUik:  hicl  eloiiiriii  slinuid  lie 

laliiU  attHl  ihtt  nrnr  iifl  .sbnjur  bibritMllnii  irt'hnli|uo  wlfii  llii:  iiiaiiy  plate*  ttstal  as  a barittip.  ‘Ilic 

(alaU^uiUiu  t<H'hiiU|ue  sluiutd  be  sclailctl  aiul  rrliiirtl  to  incuijKiiulc  umrctit  powtle.r  mrtalUii^  (eclmulogy. 

The  baseline  desit'll  cUrnl  should  he  rmillnued  and  idluwl  lii  the  areas  of  mei  haiUcal  desii'ii,  XNK21KM)  nianiifacUirlfit{,  and  hcaJlh 
luouKot/eiuUml  deftidUmi.  'I'ransleu*  and  olV  lutmlital  slii<iJeH  ol  the  XNU2tX)0  au*  mpdivd  »»  well  a»  a ndtahlllly  niudysis. 

Tlic  teslabiUly  of  tlie  XNH201K)  Iasi  spri'tniiii  fuel  fmm  In  ilPhrrsltonUI  be  rstabllslictl 
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NTRE  Extended  Life 
Feasibility  Assessment 


Aerojet  Propulsion  Division 
Energopool,  Babcock  & Wilcox 
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We  Have  an  Effective  NTRE  Team 


NP-nM-92 


Aerojet  Propulsion  Division 
Sacramento,  California 


Babcock  & Wilcox  Advanced  Systems 
Engineering 
Lynchburg,  Virginia 


Energopool  - Moscow,  Russia 


GenOwp  . Energopool  • Babcock  & Wilcox 


NASA  LeRC  TOC 
Program  Objectives 

• Assess  Feasibility  of  a Long  Life,  Reusable  Nuclear  Thermal  Rocket 

• Two  Reactor  Concepts 

- Particle  Bed  Reactor  (PBR) 

- Commonwealth  of  Independent  States  (CIS) 

• Tasks 

- Conceptual  Layouts  (75K  Ibf) 

- Thermodynamic  Cycle  Balance 

- Preliminary  Neutronic  and  Thermal  - Hydraulic  Analysis 

- System  Mass  Estimates 

- Preliminary  Life  and  Reliability  Assessment 

- Safety  Assessment 

- Scaling  to  25  and  40K  Ibf  (PBR  Only) 


GenD37p  , Energopool  • Babcock  & Wilcox 
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The  NASA  LeRC  TOC  Addresses  the  Eitiergfhg  NTRE 

Ree|ufreitiehts 


Thrust 

ThrUst/Wf  (With  iriteriiai  Shisid) 
Isp 

Lsn3th 

diameter 

Throttilrig 

Restarts 

Sindle  Burn  Duration 
Lite 

Raiiability 


40K,  tSK 

> 4 

> SSO  see 
30  Meters 
10  Meters 
25% 

>10 

6t>  Mid  (Male) 

> 2t0  Min  at  Rated  Thrust 
Manned 


. EnergopoOl  * Babcock  & Wilcox 
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NASA  LeRC  TOC  Eliial  Report 
Agenda 


« 

introduction 

Wayne  Dahi 

k 

Technical  Overview 

Mel  Buiman 

« 

Concept  Definition 

Don  Culver 

Engine  Design 

Roy  Sguires 

• 

Integrated  Engine 

Mel  Buiman 

§ 

Engine  Reliability  and  Safety 

Mel  Buiman 

• 

RBR  Engine  Sensitivity  study 

Mel  Buiman 

PBR  Reactor  System 

Richard  Rochow 

• 

CIS  Engine 

Don  Culver 

• 

CIS  Reactor  System 

Richard  Roehow 

a 

Technology  Road  Maps 

Mel  Buiman 

Summary 

Mel  Buiman 

• Energopool  • Babcock  & Wilcox 
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The  NTRE  Is  0 highly  Int^rsted  machine.  As  we  wW  shew,  Interactions  between  reactor  and 
engine  level  operations  are  significant.  Our  systems  approach  to  NTRE  design  reveals  exciting 
new  possibilities  for  Improving  the  reliability  and  performance  of  spacecraft. 


The  NTR  Engine  Is  a Highly  Integrated  Machine 
(Not  Just  a Reactor  Between  a Pump  and  Nozzle) 


GenDxip  . Energopool  • Babcock  & Wilcox 
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Our  basic  NTREs  meet  all  current  NASA  requirements. 

Ttie  thrust  to  weight  ratio  of  the  FBR  engine  Is  6.3.  The  CIS  engine  Is  somewhat  heavier  with 
a F/W  of  4.7.  The  FBR  Isp  is  65  seconds  higher  than  the  requirement  at  915  sec.  The  higher 
temperature  of  the  CIS  engine  produces  an  Isp  of  959.  Both  engines  fit  well  within  the  space 
allowed  for  In  the  SOW. 

Our  advanced  pump  design  and  engine  management  system  permits  throttling  20:1 
compared  to  the  requirement  of  4:1. 

Our  preliminary  life  evaluation  Indicates  the  engines  will  be  able  to  operate  longer  than 
currently  required.  Our  preliminary  reliability  and  hazards  analysis  Indicate  man  rating  of  these 
engines  Is  achievable  within  the  scope  of  the  engine  development. 


Our  Basic  Engine  Meets  All  Current  NASA 
Requirements  With  a Recuperated  Topping  Cycle 


PBR 

CIS 

Requirement 

Value 

Vatue 

Thrust 

75Klbf 

75Klbf 

75  KIbf 

Thrust/Weight 

>4 

6.3 

4.6 

With  Shield 

Isp 

i850 

915 

959 

Length 

<30M 

7.7M 

8.1M 

Diameter 

<10M 

2.2M 

2.2M 

Throlliing 

>4:1 

20:1 

20:1 

Reuse 

^ to  Restarts 

> 10 

>10 

Single  Burn 

60  min 

> 60  min 

>60  min 

Engine  Life 

>270  min 

>270  min 

>270  min 

nellablllly 

Manned  Stage 

— ► 

« Energopool  • Babcock  & Wilcox 
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with  0ur  recuperated  cycle,  we  avoid  complex  core  designs  that  produce  heat  to  drive  the 
turbopumps,  yet  we  have  increased  the  engine  operating  pressure  to  reduce  its  size  and  weight 
and  to  Increase  Its  performance. 

We  have  studied  two  NTREs  with  heterogeneous  reactors.  One  employs  the  particle  bed 
reactor  concept  developed  In  the  U.S.  The  other  is  based  on  20+  years  of  development  in  the 
CIS.  The  CIS  reactor  utilizes  a twisted  ribbon  type  fuel  and  has  been  tested  at  over  3000K  for 
over  1 hour. 

• PBR 

tn  order  to  meet  the  NASA  life  requirement  we  have  changed  the  fuel  stoichiometry  and 
lowered  the  operating  temperature.  We  have  arranged  for  deep  throttling  and  closed  loop 
decay  heat  removal. 

• CIS 

We  have  modified  our  engine  drive  cycle  and  structure  siighlfy  to  best  make  use  of  CIS 
fuel  assembly  technologies. 


Technical  Approach:  Apply  Our  Recommended 
Engine  Cycles  to  Two  Heterogeneous  Reactor  Types 

• Engine  Cycle 

- Delete  Gas  Heater  Fuel  Assemblies 

- Raise  Operating  Pressure 

- Integrated  Engine  Option 

• Particle  Bed  Reactor 

- increase  Design  Lite 

- Provide  Deep  Throttllng/Decay  Heat  Removal 

- Integrated  Engine  Option 

• CIS  Reactor 

- Fuel  Developed 

- High  Operating  Temperature 

- Integrated  Engine  Option 


GenCorp  . Energopool  • Babcock  & Wilcox 
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There  arc  several  ways  in  which  helerorianeoiis  Hssinn  reactors  are  superior  lo  homoqeneous  ones,  arid  alt  result  from  physically 
^parating  fuel  and  moderator,  the  ctiaracterlstic  ol  (he  heterogeneous  concept.  Moderator  and  luel  have  different  reqyiremeriis,  and 
separating  them  allows  selection  of  optimum  solid  materials  for  each  function. 

High  temperature  carbides  are  suilable  for  fuel,  because,  when  used  correclly,  they  can  deliver  high  reactctf'  gas  outlet 
temperatures,  which  enables  high  engine  specific  impulse.  High  gas  temperafures  are  available,  because  carbide  fust  can  opNerale  at 
high  temperatures  and  because  if  formed  into  thin  elements,  internally  generated  heat  need  pass  ortly  ft  Shiail  distahee  to  the  etmlant. 
Thus,  It  need  nol  pass  through  mcxlerator  material  to  reach  a cooled  surface,  as  fn  the  homqgefieous  reactor  cohcepl.  Propellanl  gas 
can  aUatn  a temperature  very  close  to  the  tuet's  maximum  internal  temperature.  The  PBR  attains  this  adviuitage  by  usihg  small 
diameter  spheres  in  fuel  particle  beds,  while  the  CIS  reactor  uses  bundles  of  thin,  twisted  ribbons  of  fuel. 

Efficient  neutron  moderators  are  bipiioQenmjs,  end  no  solid  materials  of  (his  type  can  wllhstard  (em|H»ldtires  In  the  range  of  fuel 
or  dsslred  outlet  gas  tsmperaturas.  Effldsnt  neutron  moderators  are  Important,  baetuse  uranium  fission  eroiedbbtlons  are  very  low  at 
((selon  neutron  energy  levels,  and  without  good  rnoderedor  material  a larger  amount  of  flsslonabie  materiBl  la  headad  in  the  reactor. 
Several  negaUvs  faahirea  occur  simullaneoualy  eman  large  amounts  of  enriched  U235  are  uesd  In  a reactor,  fhlmailly,  the 
safeguards  problem  Is  worsened.  Secondly,  launch  safety  Is  inherently  lass.  Third,  fast  reaciors  need  a mors  rapid  control  system, 
nddeh  exacerbate  devdopment  and  rmfdy  rislt,  and  fourth,  fuel  cmd  Is  imich  greater  |h«l  that  of  the  modwatpr  which  may  replace  It 
in  a hetarogensoua  reactor.  The  PBR  moderaUtr  is  Imxagmiai  blocks  of  berytllum  contsinlng  cavities  filled  with  UH  Uud  sutround  each 
fuel  bed,  while  the  CIS  moderator  Is  Zdf2  rods  close^packed  between  die  (tief  sssmnblles. 

For  Mars  mission  NTRE  we  need  a specilic-impulse-loss-free  luibopump  power  cycle  to  minimize  lOtal  mission  costs,  including 
Earth'to>pfbit  launch.  Thus,  topping  cycles  are  used,  which  have  turbine  tile  advantages  over  bleed  cycles.  In  a heterogeneous  engine 
the  lower  temperature  moderator  and  rc  Hector  materials  are  cooled  with  a separate  hydrogen  loop  prior  to  final  healing  by  the  fuel 
elements.  This  moderator  and  reflector  heat  is  aulotnaticaHy  the  major  portion  of  the  topping  heat  needed  for  turbine  inlet  gas  heating  - 
for  turbine  drive  power.  In  a homogeneous  engine,  at  least  the  moderator  heat  is  lost  for  turbine  drive  use.  tower  engine  operating 
pressure  results,  all  other  things  being  equal,  and  Hits  lends  lo  large,  heavy  engines  wllh  Inferior  Mars  mission  performance.  Fiirlhef, 
the  moderator  cooling  loop  also  enables  inlegrailon  ol  a closed  engine  cooling  and  electric  power  generating  system  that  can  reduce 
Mars  mission  iMLEO  by  about  100  tons. 


Heterogeneous  Reactors  Superior  to  Homogeneous  Types 

(NERVA) 


Features 

• Fuel  Separated  from  Moderator 


PBR  CIS 

Spheres  Twisted 
Ribbon 

Be  Hex  ZrHa 
with  ZrH2  Rods 
Cavities 


Benefits 

* Moderator  Cooiing  Powers 
Turbine  and  Enabies  Closed 
Loop  Cooling  (Reliability  and 
Weight) 


• Higher  Gas  Outlet  Temperature 
(High  Isp) 

. Lower  Fissile  Inventory 
(Safety  and  Weight) 


• Fuel  More 
Efficient 

• Moderator 
More 
Efficient 
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Our  tiasic  engine  meets  or  exceeds  all  NASA  requirements.  It  provides  for  robust  operation 
and  takes  up  little  room  In  the  launch  vehicle. 

As  we  studied  these  engines  we  recognized  some  significant  and  beneficial  differences 
between  these  heterogenously  moderated  reactors  and  the  homogeneously  moderated  NERVA 
type  reactors.  The  separate  moderator  allows  us  to  extract  significant  heat  from  the  core  without 
the  need  to  flow  hydrogen  through  the  fuel  elements.  The  lull  utilization  of  this  In  our  Integrated 
engine  provides  many  benefits  Including:  (1)  reliable,  efficient  NTRE  start  up,  (2)  reduced  decay 
cooling  losses;  (3)  RC8  and  OMS  at  high  isp,  (4)  electrical  power  up  to  100  kW  (E)  per  engine. 


Technical  Approach:  Two  Engine 
Options  Are  Presented 


• Basic  Engine 

- Meets  or  Exceeds  All  Current  NASA  Specs 

- Robust  Operation 

- Reliable,  Efficient  Engine  Starting 

- Small  Size 

• Integrated  Engine 

- Builds  on  Basic  Engine 

- Reduces  Decay  Cooling  Losses 

- Improves  Mission  Reliability  and  Performance  by: 

Integrating  Stage  and  Engine  Subsystem 

Main  Propulsion 

RCS 

OMS 

Option  for  Electric  Power  (~  100  kWe) 


GbsCorp  . Energopool  • Babcock  & Wilcox 
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Our  platelet  technology  enables  us  to  turn  the  regiitrement  tn  coql  the  Internal  gamtne  shield 
inlg  e oycle-eiihanoing  reoMperetor  without  mass  penalty.  This  allows  us  to  operate  the  enstne  at 
higher  chamber  pressures  than  otherwise  possible,  resulting  In  e smoUer  and  lighter  weight 
en^ne.  In  addition,  the  recuperator  provides  the  bulk  of  the  energy  tor  the  engine  atari. 

Sufficient  energy  is  stored  in  the  recuperator  to  accelerate  the  turbopumpa  to  full  power  vrlthout 
additional  heat.  With  this  magnitude  of  stored  energyi  It  would  toHe  oyer  1Q  ahorted  starts  to 
signiticantly  reduce  the  starting  power  of  our  cyole- 

In  addition  to  providing  power,  the  recuperator  provides  thermal  and  hydraulic  stability 
during  all  modes  of  engine  operation.  The  reactor  and  feed  system  ere  eftectlyely  decoupled 
during  high  reactor  transienls. 


Recuperated  Cycle  Provides 
Superior  Engine  Operetlen 

. Provides  Cooled,  Internal  Gamma  Shield 

• Enables  High  Chamber  pressure 

t Provides  Thermal  Energy  for  Turbopump  Start 

- Energy  Available  for  Many  Starts 

• Provides  Safe,  Controllable  Fleactor  Start 

- Prevents  Liquid  Hydrogen  Entry  Into  the  Core 

- Decouples  and  Damps  System  Oscillations 


,api^cjjer 
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Engine  Concept  Definition 
Don  Culver 


Our  engine  and  major  component  design  concepts  are  selected  to  meet  all  current  NASA 
requirements.  Any  concepts  that  cannot  meet  these  safety  and  reliability,  performance,  and 
operational  requirements  In  the  near  term  were  discarded.  In  addition,  many  NASA  goals  that 
impact  safety  and  reilablllty,  mission  benefits,  development  cost  and  technical  risk  were  used  to 
guide  system  configuration  selections  and  design  and  operating  parameter  optimization  studies. 


NASA  Goals  and  Requirements 
Impact  APD  NTRE  Selection 


Requirements 

• Safety 

~ Radiation  Protection 

- Manrate,  Verify,  Automate 

• Performance 

~ 850  sec  Isp  1 

- 4:1  Thrust  Weight  J 

- Throttling  @ Tmax 

- 15-75K  lbf  Thrust 

• Operation 

Reusable,  Long  Life 

- Bootstrap  Start  w/o  Power 

- Degraded/Failed  Tolerance 


Goals 

• Safety 

~ Minimize  Radioactive  Materials 
Hazard  Mitigation  and  Reliability 

• Mission  Benefit 

- IMLEO/Trip  Time  (Isp  and  F/W) 

Mission  Commonality 

- 2006  Avatlability 

- Simplicity  (Inherent  Reliability) 

• Technical  Risk  and  Development  Cost 

- Technology  Readiness  and  Tests  Needed 
~ Propulsion  System  Integration 

Facility  Requirements 


Gencdrp  . Energopooi  • Babcock  & Wilcox 
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W©  begin  our  concept  definition  studies  with  trade  etudles.  Of  QOUfse,  we  perform  trade 
studies  In  each  Important  area  of  requirements  and  goals. 

When  trade  studies  are  completed,  optimum  design  parameters  are  known,  and  engine 
layout  and  component  design  studies  can  be  finalized.  When  the  point  design  Is  known* 
sensitivity  studies  are  made  to  check  the  Impact  of  Important  design  and  operating  parameters 
on  engine  characteristics. 


Trade  Studies  Define  Engine  Concept  and  Design  Point 


• Safety  and  Reliability 

- Nuclear 

- Non  Nuclear 

• Performance  and  Mission  Benefit 

- Mission  Payload 

- Power  Cycle 

- Control  System 

• Operation  and  Technical  Risk 

- System  Operation 

- Propulsion  System  Integration 

- Technology  Readiness 


Criticality  Trades  (B&W) 

Feed  System  Reliability 

Versus  Cycle  Type,  Pc,  Nozzle  Design 
Definition  (Shield  Integration) 
Architecture  Study 

Modes  and  Procedures  Identified 
Shield,  Decay  Heat,  Deep  Throttling 
Major  Component  Status 
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Our  Reliability  Plan  is  Tailored  to  Project  Phase 


• Concept  Phase  (TOC) 

- Reliability  Block  Diagrams  With  Typical  Component 
Failure  Rates 

- Preliminary  FMEA  to  Component  Level 

- Hazards  Analysis  (Crew,  Ground  Support  and  Populace) 

• Design  Phase 

- FMEA 

- Fault  Tree  Analysis 

- Safety  Studies 

GbwCdrp  . Energopool  • Babcock  & Wilcox 
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A restiil  of  our  feed  system  reliability  block  diagram  slisdy  Is  0^  of  twin  tuftu^iaps^o 

NTRE  should  improve  mission  reilabUity  by  reducing  the  probability  of  total  failure  and  erigifie 
loss  to  about  1/4  of  that  of  single  turbopump  fed  engine.  Hoamver,  l^e  bwln  turbopiiiiip  aiigine 
has  neaily  twice  the  probability  of  falling  to  a degraded  mode  of  peUformaoce.  This  iisuatfy 
means  that  one  turbopump  falls  and  the  other  continues  to  operate  |he  engine  at  fieatly  3/4 
thrust.  This  Is  of  little  oonseguence  at  any  time  except  a TftifN  (or  Ttl^  Inim. 


Twin  Turbopumps  Improve  Mission  Reliability* 


• Single  TPA  System  Has  ~ 4 Times  the  Probability  of  Total 
Failure  vs  2 TPAs 


. Twin  TPA  System  Has  ~ 1.7  Times  the  Probability  of  Failure 
to  Degraded  Mode  (~  70%  Thrust)  vs  1 TPA 


* Industry  Standard  Component  Failure  Rates  Applied  to 
Feed  Systems 


• Energopool  • Babcock  & Wilcox 
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Mission  performance  depends  on  rocket  engine  thrust/weight  and  mission  average  specific 
Impulse  (Isp),  Engine  Ihrust/welght  depends  largely  on  reactor  type  and  power  density,  engine 
configuration,  and  operating  conditions.  Mission  average  Isp  depends  mainly  on  engine  Isp  and 
on  operational  Isp  losses,  and  they  depend  on  mission  type,  engine  design  details,  and  operating 
conditions.  We  will  discuss  our  trade  study  results  for  each  of  these  factors  In  the  following 
charts  and  In  the  reactor  design  sections. 


Mission  Isp  Depends  on 
Engine  isp  and  Operational  H2  Losses 

• Engine  Isp  = f (Tout)1/2 

- Theoretical  Isp  (Tout  and  v) 

- Tout  max  - Tout  Mixed  Mean 

- Nozzle  Losses  (Cooling,  Divergence) 

- Power  Cycle  Bleed  Losses 

* Operational  H2  Losses 

- Open  Loop  Cooldown  @ T < Ttnax 
— Boiloff  and  Leaks 

- Start-up  Bleed 
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We  have  studied  three  futidafnental  engine  configurations: 

(1)  DeLaval  nozzle  behind  thermal  reactor 

(2)  Forward  flow  thermal  reactor  within  an  expanslon-deffectlon  (E-D)  nozzle 

(3)  Forward  flow  thermal  reactor  within  a plug  nozzle 

The  E-D  nozzled  engine  appears  to  have  the  best  mission  performance  potential,  but  It  needs 
further  study,  and  at  this  time  It  Is  recommended  for  a second-generation  engine.  However,  we 
recommend  this  concept  be  Studied  in  more  detail  soon,  because  It  fs  rapidiy  deveioplng  Into  a 
more  practical  concept  than  was  t:^lieved  possible  earlier. 

The  plug  nozzled  engine  does  not  seem  competitive,  because  of  its  large  nozzle  surface  area 
in  the  high  heat  flux  region  of  the  throat  and  its  consequent  low  lap  and  high  weight  potentials. 

The  DeLaval  nozzled  design  Is,  thereby,  recommended  for  a near-term  engine. 


DeLaval  Nozzle  Is  Attractive  for  Near  Term  NTRE 


• Low  Losses 

• Long  and  Heavy 


FaTSkIbf 
Pp  = 1,000  psia 


• Good  Integration 

• Short  and  Lightweight 


• Highest  Nozzle  Heat 
Flux  and  Loeeea 

• Short 
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A trade  study  evaluated  both  engine  weight  and  specfflp  impulse  by  estimating  the  Mars 
mission  payload  delivery  capability  of  Identical  vehicles  powered  by  similar  engines  of 
conventionai  geometry  having  different  power  cycles,  operating  pressures,  and  nozzle  area 
ratios.  Both  hot  bleed  cycle  engines  and  topping  cycle  engines  were  evaluated  over  reactor 
outlet  pressures  (Be)  from  10Q0  to  3000  psia,  with  nozzle  area  ratios  from  150  to  500,  and  with 
nozzle  lengths  from  00  to  120  percent  bell.  In  each  case  a cooled,  copper  and  steel  nozzle  was 
used  with  a carbon-carbon  nozzle  extension  from  area  ratio  10  to  the  exit 

Results  showed  that  bleed  cycle  engines  are  not  competitive,  based  on  their  lower  delivered 
specific  Impulse.  Their  payload  carrying  capabilities  were  consistently  low  by  about  20  percent 
Nozzle  contours  of  1 10  percent  bell  length  were  found  to  be  best  for  nearly  alt  engine  variants. 
Engines  with  high  nozzle  area  ratios  benefited  most  from  high  engine  pressure,  because  their 
nozzles  are  smaller  and  lighter  in  weight,  better  offsetting  the  Inicreased  turbopump  weight 
required  of  high  pressure  feed  systems.  Conversely,  engines  with  low  nozzle  area  fatios  are 
relatively  insensitive  to  engine  design  pressure.  (Both  reactor  design  teams  agreed  that  reactor, 
vessel,  and  shield  weight  totals  are  not  greatly  affected  by  design  pressure  In  the  range  of  our 
study.) 

The  design  point  selected  was  area  ratio  300  with  pressure  of  2000  psIa,  because  It  appeared 
to  be  the  lowest  pressure  ~ lowest  area  ratio  combination  to  attain  high  mission  performance.  At 
200  nozzle  area  ratio  about  five  percent  payload  Is  tost,  regardless  of  engine  pressure  selection. 


High  Pressure  Topping  Provides 

Maximum  Misston*  Performance 


Study  Results 


Engine  Selection 

Topping  Cycle 
Pc  = 2,000  psia 

t-  = 300|[De«92ln.) 

tnoz  = 110%  Bell  (210) 

Tc  = 2,700K 


4 Burn,  AII'Up,  Manned  Mars 
Mission  With  Ca  □ IS 
and  IMtEO  s 775  Tonnes 
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We  examined  ail  reasonable  furbopump  drive  power  cycles,  based  on  exainf nation  of  heat 
sources  for  turbine  inlet  gas  and  destinations  for  turbine  exhaust  gases.  Those  cycles  which 
bleed  turbine  exhaust  gas  overboard  rather  than  through  the  throat  of  the  engine's  no^^te  lose 
specific  Impulse,  because  they  cannot  expand  low  pressure  and  temperature  turbine  exhaust  gas 
to  high  velocities.  We  found  that  these  engines  are  not  In  contention  for  Mars  ttilssloiis  on  a 
performance  basis. 

Three  topping  cycles  were  analyzed.  The  simple  expander  cycle  cannot  provide  enough  heat 
to  power  the  engine  reliably  to  pressures  of  10QO  psia  or  above*  We  have  seen  the  Mars  mission 
performance  decrement  of  low  pressure  engines.  Therefore,  extra  heat  must  be  added  to  the 
topping  heat  that  can  be  recovered  indirectly  from  the  reactor  core  by  cooling  engine 
components,  such  as  moderator,  reflector,  pressure  vessel,  shields,  etc.  One  way  to  do  this  Is  to 
devote  a portion  of  the  fuel  assemblies  to  turbine  drive  heat.  This  requires  addiUoni}i 
manifolding  In  the  reactor  core,  an  unwanted  complexity  which  may  reduce  neutronic  efficiency 
and  cost  engine  size  and  weight.  Another  way  Is  to  use  a high  heat  rate  heat  exchanger  to 
transfer  turbine  exhaust  heat  to  the  pump  discharge  to  augment  the  lopping  cycle  heat.  This  is 
the  scheme  we  selected,  In  spite  of  the  fact  that  engine  designers  usually  feel  that  highly 
effective  recuperators  are  large  and  heavy. 


Recuperated  Expander  Cycle  Selected 


Turbine  Exhaust 
Destinatiim 

Heat  Sources  for  Turbine  I 

Reactor  Core 

System  (Expander) 

Overboard  s 
Bleed  Cycles 

Hot  Bleed 

Recuperated  Mot  Recuperated 

Recup.  Bleed  Cold  Bleed 

• lap  Lose 

• Partial  Admission 

• Large  Turbine 

Reactor  = 

ToDoino  Cycles 

• Hot  Turbine 

• Nozzle  Port 

• Mixer  Fatigue 

• =20%P/LLoss 

Augmented 

eimliarloeoid 

Bleed 

• Larger  Toploea 
or 

• Hot  Turbine 

• S14%  P/L  Lose 

Recuperated 

Expander 

• More  Valves 

* Core  Complexity 

• Reactor  Size  and 
Weight 

• Recuperators 
Typically 
Large  and 
Heavy 

• Max.  P/L 

• Limited  Power 

• Restart  Heat? 

• 7%  P/L  Loss 

GbmQirp  . Energopool  • Babcock  & Wilcox 


1/  GU 


NTP:  System  Concepts 


262 


NP.'nM-92 


The  Impacts  of  the  recuperator  on  our  enptnes'  size  and  weight  Is  nil,  because: 

(1)  We  have  demonstrated  our  ability  to  fabricate  large  heat  rate  heat  exchangers  of  very 
compact  dimensions  with  our  platelet  technology,  for  example  In  the  SSME  heat 
exchanger  program. 

(2)  The  steel  recuperator  can  function  as  the  gamma  shield  for  the  NTRE  and  the  forward 
closure  of  the  reactor  vessel.  We  have  shown  that  the  sum  of  these  two  weights  In  a 
conventionally  designed  engine  are  greater  than  the  required  recuperator  weight.  Thus, 
we  Incur  no  weight  penally  for  the  heat  exchanger  Itself. 

(3)  Low  density  material,  such  as  steel  may  be  used  efficiently  for  a gamma  shadow  shield, 
because  it  Is  located  close  to  the  large  diameter  reactor,  and  the  radiation  tends  to  be 
planar  to  alt  surfaces,  because  of  the  self  shielding  provided  at  all  other  angles. 


Recuperator  Weight  Impact  Is  Nil 


Problem  - Large  Recuperator  Size  and  Weight 


Solution  - Compact  Stainless  Steel  Platelet  HEX  Doubles 
as  Cooled  internal  Gamma  Shield  and  Forward 
Pressure  Vessel  Head 

Distributed  Source  Shield  Weight  Is  Not  Dependent  on 
Material  Density 
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Recuperated  Cycle  Provides  Superior  Sngine  Operation 


f^||fOvteOo6)ed/lnt^^^  'v 

High  Chamber  Pressure 

• Provides  Thermal  Energy  lor  Turbopump  Start 

- Energy  AvaUabie  lor  Many  Slarts 

• Provides  Safe,  Controiiable  Reactor  Start 

- Prevents  Liquid  Hydrogen  Entry  Into  the  Core 

- Decouples  and  Damps  System  Oscillations 
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The  |K>wer  cycle  we  have  selected  for  both  engines  uses  a recuperator  to  transfer  heat  from  turbine  exhaust 
to  pump  discharge,  and  each  cool  the  nozzle  with  a small  side  stream  of  liquid  hydrogen  from  the  pump.  The 
PBR  cycle  variation  Is  shown  here;  It  requires  a pump  discharge  pressure  of  4750  psia  to  deliver  an  engine  Pc  of 
2,000  psIa.  It  does  this  with  a tow  turbine  Inlet  temperature  of  847  R (470  K)  and  a low  turbine  pressure  ratio  of 
less  than  1.5  to  1.  Pump  stage  pressure  ratios  are  tow,  too,  because  four  stages  of  pumping  are  used.  However, 
four  stage  rotating  assemblies  are  not  needed  with  our  concept,  because  our  turbopumps  emulate  a quad- 
redundant  valve  set.  We  use  two  turbopumps  In  parallel  to  provide  the  total  engine  flow,  and  each  turbopump 
consists  of  two  Identicaf  rotating  assemblies  operating  In  series.  Each  rotating  assembly  is  the  simplest 
configuration  possible,  two  pumps  and  a turbine  on  the  shaft  with  two  bearings  between  the  three  rotors. 
Reliability,  performance,  risk,  and  cost  benefits  result  from  this  subcrillcai  speed  design. 

The  recuperator  heat  rate  Is  about  125,000  Btu/sec,  which  Is  larger  than  the  sum  of  the  topping  heat.  If  more 
power  Is  needed  this  cycle  has  two  main  design  variables,  turbine  pressure  ratio  and  recuperator  heat  rale.  The 
latter  controls  the  turbine  Inlet  temperature.  The  power  balance  shown  has  ten  percent  excess  turbine  power  for 
turbine  bypass  control  authorliy. 

The  flow  scheme  through  the  engine  Is  as  follows:  through  the  pumps  In  parallel,  with  a 5*1  flow  split  after 
their  flows  join;  the  small  flow  cools  the  nozzle  and  pressure  vessel;  the  large  flow  gets  heated  In  the  high 
pressure  side  of  the  radial  oulltow  recuperator,  where  It  enters  the  moderator  and  reflector  cooling  flow  at  the 
front  of  the  core;  the  full  flow  passes  through  the  turbines  In  parallel  to  rejoin  and  cool  In  the  low  pressure,  radial 
Inflow  passages  of  the  recuperator;  cooled  flow  Is  manifolded  to  the  inlets  of  each  fuel  assembly  for  heating  to 
full  outlet  temperature  and  passage  through  Ihe  rocket  nozzle. 

Flow  control  elements  Include  a low  power  electric  feed  pump,  pump  and  turbine  Inlet  and  outlet  valves,  a 
turbine  bypass  control  valve,  and  a pulse  cooling  valve.  Reflector  drive  motor  shafts  penetrate  the  recuperator  at 
its  periphery,  outside  of  the  heat  exchanger  region,  and  a launch  poison  rod  penetrates  it  at  Its  center. 


A High-Power,  Loss  Free  Engine 
Power  Cycie  is  Selected 
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The  basic  engine  has  five  operating  states  in  addition  to  two  additional  cdntrol  Slalei,  btiechbiii  ind 
emerd^cy.  Before  starting  the  engine,  the  pumps  are  chilled  with  tank  Head  dr  feed  purhg  flow,  drid  GH2 1$ 
vdnied  overboard  as  required.  However,  much  of  ihe  GH2  Is  pumped  uinkfer  ^rdsdiff^e  IHtd  Ihd  ehgfhe  pd^dr  toOp 
by  ifie  feed  pump.  The  engine  can  be  held  In  this  stage  of  chilled  and  pressurized  readirteis  fdr  foHg  periods; 
wlih  occasional  chill  down  flows  until  Impulse  Is  needed. 

Sfar^iihg  the  engine  consists  of  opening  the  turbine  iniet  vaives  and  bfoleid^  down  the  lodp,  spin  starting  the 
turbines.  The  large,  available  amount  of  sensibia  heSt  in  the  recuperatbr  bddtstrlipS  the  fddd  dylteth  until  redctbr 
heat  is  available,  the  recuperator  prevents  liquid  hydrogen  from  eVer  dniering  the  reactor. 

During  engine  Operation  at  high  power  the  engine  Ihriist  Is  cdhtrOlfed  with  turbine  bypiiSS  vSIve  posltiort  dnd 
specific  Impuise  with  reactor  control  drum  posttfdn.  The  prOpeliant  tank  Is  presSurIzed  by  a bided  from  the  iddf 
pressure  recuperator  outlet  maiiifoid. 

Following  reactor  shutdown  with  control  drum  rotations,  the  10-1  thrOilling  turboptirhps  afd  throttled  to 
malniafn  outlet  temperature  by  their  bypass  cohtroi  valves.  Vtfhen  they  have  rdacHdd  their  ihlnlnium  llo\v,  OHe 
lurbopump  Is  shut  dOwn  and  the  other  (throttled  up  2-1)  will  follow  the  feactdt  power  down  tP  about  five  percdht 
and  than  begin  to  overcool  the  core,  reducing  speclllc  Impulse  at  this  low  thrust  level,  l^e  dlectroinechanlcdi 
fedd  puriip  is  started,  and  propellant  Is  purnped  under  presdure  at  low  flow  rdte  Into  the  cooling  loop.  When  the 
loop  pressure  Is  high  and  the  core  cool,  the  second  lUrbopump  Is  shut  down  arid  the  piilse  cboitng  valve 
actudidd.  the  core  heats  during  pump  shutdown  ind  overcdbis  dbrlrig  the  cooling  pulse,  thd  pUlde  valve  Shbtl, 
the  feed  pump  pressurizes  the  loop  while  the  core  heals,  and  the  valve  cycles  again,  holding  the  dydiragd  core 
outlet  temperature  and  Isp  above  what  It  would  be  without  pulse  codling. 

While  the  core  power  decays  the  duty  cycle  of  the  pulse  cooling  valve  changes  cohtihiiatiy,  and  eventually  It 
slays  closed.  This  happens  when  the  pressure  vessel  Is  able  to  radiate  the  residual  core ifterheat  td  space. 


Operation  FeatUreis  Robust  Start  arid  ifticidht  dooidowh 


• deadiness 

• Start 


• Cdoldown 


* Soakout 


• Pressurize  Lddp  WilH  Feed  PUHIP 

• Chill  Pumps  ahd  VdHt  gH2 

i aldWdown  Start  TPA^  With  fetdrl  Vaiyefe 

• Bdotsttap  oii  Recuperator  ahd  Reacrot  Heat 

• Cdtiirpi  Valve  Throttling 

• Bleed-PreSsUrize  tank  Uitage 

• Shutdown  Reactor 

• Throttle  On  defeay  Heat 

• ShutdowH  1 TPA  and  Throttle  tO  5% 

• Overcool  Fuel  and  Start  l^eed  PUHip 

• Shutdown  ihd  TPA  and  PUise  CoOi 

• Stop  Pulse  cooling  ahd  Radiate 
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Recuperated  Cycle  Provides  Superior  Engine  Operation 


• Provides  Cooled,  Internal  Gamma  Shield 

• Enables  High  Chamber  Pressure 

Energy  for  Turbopump  Start 

r#%Provides  Safe,  Controllable  Reactor  start 

Prevents  Liquid  Hydrogen  Entry  Into  the  Core 
;.«^^ii^>  |Decoup|ps  and  Damps  System  Osctllations 
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Aerojet  NTRE  Is  Small  and  Lightweight 


Thrust,  Ibf 
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XLR-134  LHa  TPA 


The  XLR-134  program  arldreaeed  the  need  for  a relatWeiy  tow  thrust  engine  to  move  large 
fragile  structures  from  tow  earth  orbit  into  higher  orbits,  it  was  an  Air  Force  program  originating 
from  the  Phillips  Lab  at  Edwards  Air  Force  Base  and  spanned  1986  through  1990, 

the  program  included  Initial  studies  to  define  the  raqulrements  and  the  engine  site/cyele. 
From  these  requirements  the  engine  and  component  designs  were  derived.  The  selected  engine 
was  a SOO  Ibf.  LOX/LHa  single  expander  cycle  engine  (gaseous  hydrogen  turbine  drive),  the 
turbopumps  for  both  the  LOX  and  LH2  were  designed  and  fabricated  at  Aerojet.  The  general 
arrangement  consists  of  two  shafts  with  3 pump  stages  and  one  turbine  stage  on  each  mounted 
**end  to  end.”  In  this  configuration  the  turbines  are  counter-roiaUng.  the  LOX  TPA  Is  basically  a 
two  stage  single  spool  inachlne  of  a simiiar  design  as  the  LH2  TPA  with  apprepriate  material  and 
tolerance  changes. 

The  LH2  TPA  was  tested  both  as  a single  spool  (3  stage)  TPA  and  finally  as  the  complete  dual 
spool  TPA.  Ho  development  problems  were  encountered,  due  to  the  robust  design  and 
subcrilica!  shaft  speed.  Of  significant  merit  during  dual  spool  testing  was  the  start  up  and 
steady  state  operation  of  the  two  pump  spools.  This  highly  successfui  testing  demonstrated 
over  4200  seconds  of  run  time  in  LH2  with  full  speed  TPA  operation,  speed  tracking  of  the  two 
spoofs,  successfui  bearing  performance  and  subcritlcal  shaft  speed. 


Aerojet  TPA  Technology 
increases  Life  and  Reliabiiity 


Features 

• Dual  Spool 

- Short  Shafts  With 
3 Rotors  per 

• Operate  Below  Design  Speed 

• Hydrostatic  Bearings 


Benefits 

• High  Turbine  Efriciency 

• Low  Weight 

• Commonality  of  Parts 

• Subcritlcal  Shaft  Speed 
Operation  for  Deep  Throttling 

• increased  Life  and  Reliability 

• Increased  Life 


XLR-1 34  Fuel  TPA 
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Radiation  transmissfon  through  manifolds  Includes  36  2.5  cm  holes  for  gas  flow.  Shield 
penetrations  for  drum  control  rods  and  the  central  "poison"  rod  were  Ignored. 

Heating  In  the  LleH/Pb  dedicated  shield  will  be  o!  the  order  40-60  kW  and  may  require  some 
cooling  during  extended  operation  at  full  power. 


'internal  Shield"  Concept  for  NTRE  Provides 
Significant  Reduction  in  Accountable  Shielding  Mass 
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Qmmmi  f-aqe  ts 

OF  POOR  QUALITY 


Source  strength  and  shield  atletiuation  calculated  by  B&W  using  MCNP  (Monte  Oarfo 
Neutron  Photon  transport  code). 

NASA  radiation  specification  met  or  exceeded  at  a point  1 meter  above  the  top  reHector  on 
the  core  axis- 

Shields  for  electronics  and  controls  assumes  optimum  placement  and  lOOK-rad  hardened 
electronics. 


Engine  Components  and  Dedicated  Shielding 
Attenuate  Radiation  to  IVIeet  NASA  Requirements 
and  Prcftect  Electronics  and  Controls 


Fast 


Components 

Gas  Manifolds 
and  Recuperator 

Gaipma 

■fjacter 

101 

Neutron 

-Eactqr 

21 

Mass  (Kg) 
1178 

Comments 

Dual  Function: 
Cools  and  Shields 

Dedicated  Shield 

4.4 

80 

236 

Additional  Shield  Necessary 
to  Meet  NASA  Spec 

Distributed 
Electronics  and 

6,3  X 10^ 

1.75x103 

130 

Required  Beyond  NASA 
Spec  for  3.5  Hours  at  Full 

Controls  Shield  Power 
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• Inlernai  gamma  shield  cooled  by  LH2 

Provides  thermal  energy  for  starlliig  and  operating  T PA 

• Enables  high  chamber  pressure  for  lightweight,  compact  NTRE 


DeslgajH^od^edeimarice.ParatTieters 

Propellant 

Cold-Side  Inlet  Pressure 
Cotd-Side  Inlet  Temperature 
Cold-Side  Flow  Bate 
Cold-Side  Pressure  Drop 
Hot-Side  Inlet  Pressure 
Hot-Side  inlet  Temperature 
Hot-Side  Pressure  Drop 
Thermal  toad 
Envelope 
Weight 
Material 


H2 

4750  psia 
87'B 

60  Ibm/soc 

150psld 

2650  psIa 

775’B 

150  psld 

] 26.000  Btu/sec 

40  In,  dla  X 7 In.  height 

2500  Ibm 

CRES  SS  <A-286) 


CharacjterJsUcs 

The  300  series  stainless  steel,  platelet  design,  counlerflow  HEX  accepts  83%  of  the  LHp  flow  from  the  TPAs 
and  heats  the  hydrogen  to  572‘'R  gas  In  the  high  pressure  circuit  of  the  HEX.  Tim  outflow  cools  the  reflector  and 
moderator,  ensuring  that  tHa  does  not  enter  these  components.  This  gas  Is  combined  with  the  17%  flow,  which 
bypassed  the  HEX  to  cool  the  nozzle  and  pressure  vessel  and  was  gasified  In  the  process,  to  provide  100%  flow 
at  847''R  to  drive  the  turbine.  The  turbine  effluent  then  passes  through  the  low  pressure  circuit  of  the  HEX  giving 
up  much  of  its  heat  to  the  high  pressure  circuit  before  delivery  to  the  reactors  many  fuel  elements. 


NTRE  Recuperator  Is  Based  on 
Aerojet  SSME  HEX  Technology 


SSME  HEX 
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OF  POOR  QUALITY 


Cooled  No^ezle 


Function 

• Frovktes  Detavol  nozzle  entrance  section  and  exit  to  area  ratio  10:1 


Bggtgn  gniLForfarjogo  PiirgiBglgi^ 
Propellant 

CoOtant  inlet  tomperetura 

Cootant  Inlet  Presauro 

Coofani  f low  Rato 

Coolant  Prosaure  Drop 

Throat  Dtamater 

pxit  Area  Ratio 

Chamher  Pressure 

Ces  Temperature 

Flowrate 

hlaterlal 

Envelope 

Weight 

Cytindrlcal  tength 
Wall  Temperature 

Characteristics 


M2 
87"B 
4750  psia 
f4lbm/sec 
TDOpsla 
5.121  In. 

1Q:1 

2000  psta 
4860  R 
B2lhm/sec 

ZrCU  Lin0r/A286  SS  Structure 
40  In.  die  X 32  In.  long 
1000  Ibm 
5.00  In. 

600  F 


The  cooled  nozzle  uses  a zirconlum/copper,  formed  platelet  liner  to  maintain  wall  temperature  below  the  life 
limit.  The  liner  will  consist  of  8 to  10  panels  and  include  an  approximate  total  of  400  coolant  channels.  It  Is 
bonded  to  a two-piece,  A-286  jacket  by  a hot  IsostatIc  press  (HIP)  process.  A two-piece,  formed  platelet  A-286 
throat  stiffening  shell  provides  structural  support  against  bending  moments,  its  construction  and  cooling 
approach  Is  slmifar  to  that  of  the  pressure  vessel  shelf.  Coolant  enters  a manifoid  a!  the  10:1  area  ratio  and  flows 
forward  through  the  liner  and  shell  wall  as  shown.  It  exits  into  the  aft  closure  ring  menlfoid  of  the  pressure 
vessel. 


Cooled  Nozzle  Concept  Is  Based  on  Current  Technology 


Formed  Platelet  Liner  40Klbf  Chamber 
OenQ3p?f>  . Energopool  • Babcock  & Wilcox 
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Cooled  Nozzle  Concept 


• Studies  of  the  SSME  main  combustion  chamber  show  wall  temperature  reductions  of  up 
to  200  F using  platelet  liner  technology. 

• Cooled  hot  gas  wall 

• Formed  platelet  liner 

• ZfCu  platelets 
-400  channels 
6-10  panels 

• A-286  structure 

• Cooled  throat  support  ring 

• Platelet  A- 206  structure  wUh  Internal  coolant  channels  formed  Into  conical  shape 


Common  Manifolding  Provides  Coolant 
for  Nozzle  and  Throat  Support  Ring 


GoviCorip 
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Prossuro  Vossel  Funcllpn  / Concept 


f Pressure  Containment 
- Plenums  / ManlfolcJIng  for: 

- Moderator  coolant 
Control  drum  coolant 

- Core  flow 

- Pressure  vessel  wall 
• Interfaces 

- Recuperator 

- Goofed  nozzle 
^ Reactor 

- Core  support 


Pressure  Vessel  Provides  Pressure 
Containment,  Core  Support  and  Manifolding 


JN'iT:  Svstcm 
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Pressu*e  VeRse!  (PV) 


NP-TIM-92 


PMjiciipn 

Contains  pressure  and  supports  reactor 
• Provides  manifolding  for  GH2 

Directs  recuperator  cold  flow  to  control  drum  and  moderator/reflector  outflow 
Combines  nozzle/PV  coolant  outflow  with  moderal  or/re  Hector  outflow  for  delivery  to  turbine 
• Delivers  recuperator  warm  flow  to  reactor  healing  elements 


Propellant  H2 

Coolant  Inlet  Temperature  651  ' R 

Coolant  Inlet  Pressure  4050  psla 

Coolant  Outlet  Temperature  847'  R 

Coolant  Flowrate  141bin/9ec 

Coolant  Pressure  Drop  150  psid 

Core  Propellant  Temperature  357'  R 

Core  Propellant  Pressure  2500  psia 

Core  Propellent  Flowrate  82  Ibm/sec 


Moderator  Coolant  Temperature 
Moderator  Coolant  Pressure 
Moderator  Coolant  Flowrate 
Reflector  Coolant  Temperature 
Reflector  Coolant  Pressure 
Reflector  Coolant  Flowrate 
Envelope 
Weight 
Material 


572”R 
4600  psia 

53.5  Ibm/sec 
572'*R 
4600  psia 

14.5  Ibm/sec 

40  in.  dlax  53  In.  long 
2610  Ibm 
A286SS 


Formed,  A’286,  diffusion  bonded  platelet  wall  sections  are  welded  together  to  make  the  right  circular  shell  of 
the  pressure  vessel.  The  forward  end  of  the  shell  Is  welded  to  a inanllold  assembly,  which  Is  welded  to  the 
recuperator.  A coolant  ring  innnlfold  Is  welded  to  the  aft  end  of  the  shell.  Annular  closure  rings  mo  welded  fore 
and  alt  as  shown  to  combine  flows  per  the  engine  system  schematic. 

Hydrogen  gas  enters  the  aft  end  manifold  from  the  cooled  nozzle.  It  flows  through  the  shell  coolant 
passages,  etched  into  the  wall  platelets,  and  Into  a forward  closure  ring,  where  It  mixes  with  the 
moderator/reffector  coolant  outflow  for  delivery  to  the  TP  A turbines.  The  foremost  closure  ring  delivers 
recuperator  flow  to  the  model ator/ref lector  coolant  passages. 


Core  Support  Structure  Provides  Reactor  Manifolding 
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A carbon-carbon  nozzle  exienslon  for  NTRE  Is  a coal  effoc1lvo»  low  weight  component.  Carbon-carbon  has 
good  mechanical  properties  for  temperatures  In  excess  of  5000'’F  and  wHl  only  suffer  a total  recession  of  less 
than  0.005  Inch  due  to  hydrogen  chemical  attack  (assuming  a temperature  of  2500'’F,  pressure  of  20  psla,  and 
total  duration  of  4.5  hrs).  Carbon-carbon  Is  noted  for  radlatfon  resistance  and  was  baselined  as  the  nozzle 
extension  for  the  f^ERVA  rocket  engine  at  Aerojet. 

Carbpn-carbofi  structures  can  be  fabricated  In  many  different  ways,  but  only  severaf  are  appropriate  for  thin 
waif  nozzle  extensions.  Involute,  3-0  cyllndrlcaf.  braided,  and  Novoltex^  preforming  are  the  tour  most  realfstlc 
techniques  to  provide  carbon-carbon  nozzle  extensions.  None  of  these  techniques  can  provide  a single  piece 
nozzle  the  size  required  without  facility  capitalization  and  development. 

A one-piece  carbon-carbon  nozzle  extension  Is  estimated  to  weigh  about  170  lbs  and  240  lbs  for  area  ratios 
nOizles  Of  200:1  and  300:1,  respectively.  The  thicknesses  reflect  minimum  wall  thicknesses  of  approximately  0.5 
In,  and  0.2  Inch  for  the  entry  and  exit  regions. 

Propellant 
Temperature 
Flowrate 

Attach  Araa  Ratio 
Exit  Area  Ratio 
Nozzle  Shape 
Material 
Envelope 
Weight 


H2 

4860°R 
82  Ibm/sec 
10:1 
2(KJ:1 
110%  fiell 
CadjpmCarbon 
88.7  In.  die  x 160  In.  long 
450  Ibm 


A Full  Size  One  Piece  Carbon-Carbon 
Nozzle  Extension  Will  Weigh  Less  Than  450  lbs 


However,  Facilities  Must  Be  Upgraded  for 
Size  and  Nozzle  Fabrication  Must  be  Validated 
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Instead  of  fabricating  a one-piece  carbon-carbon  nozzle  extension,  fabricating  carbon-carbon 
segments  is  an  option  which  witl  not  require  faclllllzatlon  nor  extensive  validation.  A defect  In  a 
large  one-piece  carbon-carbon  nozzle  would  cause  the  rejection  of  the  whole  nozzle  or 
acceptance  of  materials  of  lower  mechanical  properties,  while  an  unacceptable  nozzle  segment 
wilt  only  require  the  rejection  of  that  one  segment.  The  segmented  carbon-carbon  nozzle 
extension  concept  shortens  the  design  and  fabrication  cycle  by  at  least  one  year. 

Aerojet  has  pursued  the  segmented  nozzle  approach  under  IR  AD  and  has  validated  the 
mechanicai  approach  via  demonstration  aluminum  and  fiberglass  epoxy  segments.  The  main 
drawback  corresponds  to  the  thickened  sections  In  the  nozzle  to  effect  the  segments  attachment. 
The  segmentation  approach  Is  estimated  to  Increase  the  weight  30%. 


A Segmented  Carbon-Carbon  Nozzle,  Though 
Heavier,  Is  Robust  and  Cost  Effective 


Fabricability 

- Present  Facilities  Are  Large  Enough  to 
Produce  Required  Segmented  Pieces 

~ Lower  Rejectable  (Only  Bad  Segments 
Need  to  Be  Replaced,  Not  Whole  Nozzle) 

CompaGlneas 

- Disassembled  Pieces  Are  Easy  to  Store, 
Ship,  and  Reassemble 

Robustness 

- Smaller  Pieces  Are  Easier  to  Fabricate 
and  Inspect  ► Stronger  and  Less 
Flaw  Sensitivity 

Cost  EUectlveness 

- Facility  Upgrade  Is  Not  Required 

- Shorter  Schedule  (Start  With  Design 
Plus  Fab) 

Penalties  Are  Acceptable 

- Attachment  Will  Add  Only  150  lbs 
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COMPONENT:  Quad  Channel  Fault  ToleranI  Controller  (Three  Channel  Version  Depicted) 

FUNCTION:  The  Engine  Controller  Is  responsible  lor  closed  loop  control  of  the  NTRE  engine  and  auxiliary 
power  generation  components. 

The  engine  controller  performs  a completo  cnqlno  system  checkout  and  calibration  prior  to  engine 
operation.  This  Includes  calibration  of  the  Indlvldua}  instruments  and  control  system  components.  During  the 
start  sequence  Ihe  controller  controls  reactor  reactivity,  pump  chill,  turbopump  ramp  up,  and  power  ramp  up. 

The  engine  controller  actively  controls  engine  steady  slate  operation  to  maximize  engine  Isp.  Engine  power 
down  and  poet  firtng  coot  down  Is  actively  controlled  to  minfmizo  propollanl  usage  end  maxlniize  total  engine  lap. 
The  engine  controller  performs  periodic  engine  system  lioaftli  monlloring  and  Ilfo  prediction  throughout  oiigino 
operation. 

Brayton  cycle  power  generation  Is  actively  controlled  throughout  the  mission.  The  controller  Is  capable  of 
ad|ustlng  the  power  output  level  over  a 5:1  range  to  meet  varying  mission  demands. 

ARCHITECTURE:  The  NTRE  engine  controller  Is  a 32  bit  full  voting  four  channel  fault  tolerant  processor 
(FTP)  that  Is  derived  from  the  Charles  Stark  Draper  FTP  architecture.  The  four  channel  controller  provides  full 
Fail  Op/Fall  Safe  operation  (higher  levels  of  fault  tolerance  are  available  with  degraded  fault  coverage). 

AddillonBlIy  the  four  channels  are  electrically  and  mechanically  Isolated  from  each  other.  This  prevents  a 
catastrophic  electrical  failure  from  propagating  from  one  channel  to  the  next. 

The  32  bit  Intel  180960  microprocessor  provides  the  processing  power  for  the  engine  controller.  The  180960 
Is  optimized  to  efficiently  execute  the  Ada  language.  This  central  processor  provides  many  advanced 
enhancements  such  as  automatic  exception  handling  and  memory  management  that  facHifale  the  efficient 
processing  of  Ada  language.  Over  2Mb  of  memory  Is  provided  on  the  digital  computer  unit  module.  This 
complement  of  memory  Is  more  than  sufficient  for  both  engine  system  control  code  and  advanced  health 
monitoring  and  life  prediction  algorithms. 

INTERFACES:  4 MIL-STO-1553B  Vehicle  Command  Channels  4 MIL-STD-1553B  Vehicle  Data  Channels,  4 
MIL-STD-1553B  Effector  Command  Channels,  4 Vehicle  Power  Buses,  Solenoid  Interfaces 

SIZE:  8 In.  x 16  In.  X 10  In. 

WEIGHT:  59  lbs  (46  lbs  Electronics  + 13  lbs  Shield) 

TOTAL  DOSE;  lOO  K RADs(SI) 


Advanced  Fault  Tolerant  Controller 
Improves  Mission  Reliability 
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COMPONENT;  Dual  Channel  Electro-Mechanlcal  Aclnator 

FUNCTION:  Provide  actuation  for  modulating  valves  over  a -1  to  90  deg  arc.  The  EMA 
feature  load  Insensitivity  and  high  positional  accuracy/repealablHty. 

ARCHITECTURE:  The  EMA  Is  a fully  redundant  actuator  featuring  dual  channel  redundant 
bus  Interfaces,  dual  redundant  power  Interfaces,  dual  channel  redundant  control  electronics, 
dual  electric  redundant  motors  on  a common  shaft,  and  dual  resolvers  on  a common  shaft  The 
two  EMA  channels  contain  no  electrical  cross  strapping  and  are  mechanically  isolated  from  each 
other.  This  prevents  a catastrophic  electronics  failure  in  one  channel  from  propagating  to  the 
other  channel. 

INTERFACES;  2 MIL-STD-1553B  Valve  Command  Channels,  2 Power  Buses 

SIZE:  4 in.  X 6 in.  X 10  In. 

WEIGHT:  31  lbs  (9  lbs  Electronfcs/Mechanics  + 32  lbs  Shield) 

TOTAL  DOSE:  100K  RADs(Sl) 

TORQUE:  600  in.-lb 

SLEW  RATE:  360  deg/see 

POSITIONAL  ACCURACY/REPEATABILITY:  » 0.5  deg 


Advanced  Electro-Mechanical  Actuator 
Combines  High  Torque  and  Small  Size 


Interface  8, 
Hesotver 


tnlerlace  A 


Resolver  B. 


Motor  A 


Motor  B 


Coniroller  Eleclronics  0 


Controller  eicctiprrlcs  A 

i 

Motor  Drive  Electronics  A 


Motor  (Jrlve  Electronics  & 


Harmonic  Drive  (200:1)  Reduction 


GenCxirp  ^ Energopool  • Babcock  & Wilcox 


Kr.n  ’ 

NTP:  System  Concepts 


NP-TIM.92 


281 


COMPONENT:  Quad  Channel  Control  Syslem 

FUNCTION:  Provide  full  Fall  Gp/Fall  Safe  engine  and  auxiliary  power  generatlori  control. 

^CHITECTURE:  The  control  system  Is  designed  with  a high  degree  of  symmetry  ai^  rediindaney.  The 
symmetry  of  the  control  system  grealty  reduces  the  complexity  of  the  redundancy  management  soltwsre  and 
improves  system  reliability  and  verlfiabUlty.  Critical  control  valves  such  as  the  ongli^  isolatloti  velvea  are  fully 
quadded  thus  allowing  them  to  tolerate  one  stuck  open  or  one  stuck  shut  failure.  Other  valves  ate  allher  simplex 
or  dual  Iserlal  or  parallel)  depending  upon  the  function  of  the  valve. 

There  are  two  interlaces  to  the  eleclro-meehanlcal  actuators.  These  two  Inlerf  aces  are  referred  to  as  the 
Aettve  Effector  Control  Bus  and  the  Passive  Effeclor  Conlrol  Bus.  Each  control  bus  Is  aclually  a re^ndant 
1S53B  Impiementation.  This  provides  a total  of  four  data  paths  to  each  actuator  thus  providing  ftiflfali  Qp/Faii 
Safe  capabilities  of  the  control  system. 

Each  solenoid  actuator  has  dual  colls.  This  provides  fully  redundant  Interfaces  to  the  engine  controller. 

Like  the  effector  control  buses  tho  solenoid  Interlaces  are  orgatsizod  as  acUve  and  passive  interfaces. 
Additionally  solenoids  contain  a mechanical  preload  that  forces  the  sotenoid  into  a safe  position  In  the  event  ola 
total  Interface  failure. 

CrfUcal  engine  parameters,  such  as  chamber  pressure,  are  fully  quad  fedundant.  Ollier  parameters  such  as 
moderator  temperature  are  simplex  or  dual  per  moderator  oteinent  as  caflad  lor  by  FEMA/reliabilUy  analysis. 

Heavy  use  will  be  made  of  sensor  analytical  redundancy  techniques.  These  techniques  allow  a failed 
parameter  to  be  substituted  by  using  a physical  model  and  related  meacuf aments. 

INTERFACES:  2 MIL-ST0-1553B  Valve  Command  Channels,  2 Power  Buses 

SIZE;  SIn.  x 16  In.  X 10  In. 

WEIGHT:  31  l|>s  (9  Jbs  ElecIronIcs/Mechanics  + 32  lbs  Shield) 

TOTAL  DOSE:  100K  RADsfSI) 

TORQUE:  600  In. -lb 


Quad  Channel  Control  System 
Improves  Mission  Reliability 


Convnarxl  And  Oala  Oiis 

15538 
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COMPONENT:  OperalionaJ  Flight  Program 

FUNCTION:  The  Operational  Flight  Program  (OFP)  provides  the  control,  health  monitoring 
and  life  prediction  capabilities  seen  In  the  control  system.  All  of  the  dynamic  engine  control  laws 
are  found  in  the  OFP.  Engine  system  health  monitoring  and  life  prediction  algorithms  are  also 
resident  within  the  OFP.  Additionally  the  OFP  manages  the  Interface  hardware  within  the  engine 
controller. 

The  OFP  implements  the  required  vehicle  communications  protocols  and  validates 
commands.  Additionally  status  and  data  packets  are  sent  back  to  the  vehicle. 

ARCHITECTURE:  The  OFP  design  is  based  on  a highly  modular,  structured,  functional 
decomposition  of  the  required  functionality.  Related  functions  are  combined  Into  modules. 

Thus  all  the  engine  control  functions  are  grouped  Into  the  Engine  Control  Module;  all  the  Health 
Monitoring  functions  are  grouped  within  the  Health  Monitoring  Module.  Modules  have  rigid 
functional,  interface,  protocol,  and  temporal  specifications.  These  specifications  minimize  the 
Interactions  between  modules,  Increasing  software  reliability  and  reducing  verification  and 
validation  efforts. 

The  modular  architecture  allows  Individual  modules  to  be  upgraded  throughout  the  life  of  the 
NTRE  program  white  preserving  the  software  Investment.  Modules  are  designed  to  be  ^'plugged 
In”  In  a manner  similar  to  mechanical  components  thus  reducing  the  costs  associated  with 
software  verification  and  validation. 

INTERFACES:  Conlroller/IO  Devices 


Plug  in  Software  Modules 
improves  Controller  Development 

HEALIH  MONITORING  DATA  FLOW 


/ler^OJiEr 


NEW  HEALlhl 

Ma4iT0niNCi  MODULE 
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GENERIC  MODULES 
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Integrated  Engine 

n/lel  Bulman 


Integrated  NTRE  Improves  Mission  Performance 


The  SEi  stage  will  require  many  subsystems  in  addition  to  the  engine  and  tanks.  Our 
integrated  NTRE  includes  a number  of  systems  normally  assigned  to  the  stage,  it  can  provide 
reaction  control  and  orbit  maneuvering  thrust  during  coast.  During  the  main  burn,  the  engine 
can  provide  autogenous  tank  pressurization  and  electrical  power.  After  shutdown,  the  reactor 
can  be  used  as  a heat  source  for  generating  up  to  100  kW  <e)  per  engine.  All  of  this  Is 
accomplished  at  lower  weight  than  if  separate  systems  are  employed  to  achieve  these  functions. 


Integrated  NTRE  Improves  Mission  Performance 


MIssloiiBgDejat&^J  Integrate  KIBE 


• Robust,  tow  Loss  Start 

• High  Performance,  Lightweight  Engine 

• Safe,  Efficient  Shutdown 

- Five  Gore  Cooling  Systems 

- Closed  Cycle  Decay  Heat  Removal  Saves 
100,000^  tbm  IMLEO 

• Dual  Mode  Option 

- 100  kWe  Available  Any  Time  During  Mission 
•X  No  Deep  Thermo  Cycles 

X-  Refrigeration  Option 


OMS  and  RCS  Impulse  Available  at  High  Isp 


* On©  or  Two  Cold  Flow  Starts/Misslon 
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Integrated  NTRE  Start  Sequence 


NP-TIM-92 


• Engine  Frestart  Conditioning 

• Pump  Chill  In 

• Moderator  Loop  Pressurization  With  TP  A Chili  Ha  (First  Start  Only) 

Closed  Loop  Engine  Warm  Up  (First  Start  Only) 

Engine  Now  on  Standby  Mode  For  Starting 

• Start 

• Spin  Start  TPAs  With  Warm  Pressurized  Ha  From  Moderator  Loop 

• TPA  Acceleration  Dominated  by  Engine  Thermal  Mass  (Power  For  Approximately  10 
Starts  In  Becuperalor  Alone) 


integrated  Engine  Increases  Start  Reliability  and  Safety 
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©RiQIMAL  PAOE  IS 
OF  POOR  QUALITY 


Exhaust  Temperature  % of  Foil  Power 


Our  Propellant  Feed  System  Dynamics  Are  Efficiently  Controlled 

• Engine  Prestart  Conditioning 

• Pumps  Chilled  In 

• Reactor  Warmed 

• Feed  System  Pressurized  (Reduces  Inrush  Dynamics) 

^ Aerojet  Pumps  Are  Designed  With  Greater  Stall  Margin 

• Our  Recuperated  Cycle  Greatly  Aids  the  Start  Up 

• Ample  Thermal  Power  Accelerates  Bootstrap 
Provides  Thermal  and  Hydraulic  Damping 

• Isolates  Fuel  AssemWy  From  Feed  System 

• Our  Integrated  Controller  Can  Choose  the  Optimum  Path  to  Full  Power,  Balancing: 

Isp  Loss 

• Fuel  Element  Thermal  Shock 


Our  Integrated  Engine  Starts  More  Reliably 

And  With  Less  Impulse  Loss  than  Nerva  Type  Engines 


T =!  30  sec 


0 10  20  30  40  50  60  70  60  90  100 


Chamber  Pressure  % of  Full  Power 
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Tapping  into  the  hot  H2  in  the  moderator  loop  of  our  integrated  NTRE  during  operation 
allows  us  to  generate  Up  to  100  kW(e),  attitude  control  impulse,  and  tank  pressurization  at  lower 
cost  than  if  provided  by  separate  systems. 


Integrated  Engine  Provides  RGS  and 
Tank  Pressurization  During  “Burns” 


Gencorp  . Energopool  • Babcock  & Wilcox 
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th§  d^C£iy  hestt  build  Ub  fii  IHu  (engibb  during  thb  main  burn  riuidt  be  rittibved  Mfn  thi 
reactor  or  It  Will  over  heai  Decay  Heat  pbrsisis  for  daye  even  after  a ahoti  fifteen  minute  btirri. 
Our  Integrated  engine  ban  reject  a eignificaht  pdrtioh  bf  the  beat  Ihfoygh  Its  radlatore,  greatly 
reducing  the  eicpenditure  of  prbpellaht  td  cool  the  eHgllie.  This  redfibie  vehicte  rbiSs  (IML^O). 


Integrated  Engine  Saves  Over  100,0d0  Ibni  LHs 


GffNiCoRp  , £nergopdol  • Babcock  & Wilcox 
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Our  Closed  Cycle  Cooling  System  Saves  Over  7500  Ibm  During  Perigee  Pulsing 


1 Conventional  Cooling  System 

PIU80  1 

Cool  1 

Pluse  2 

Cool  2 

Pluse  3 

Coo!  3 

Inlltat  Mass  (Ljbm) 

1000000 

850842 

840942 

695357 

684665 

542970 

Burn  Time  (Sec) 

981 

174  Min 

958 

1006  Min 

932 

Days 

PropeHanl  Consumed  (Lbm) 

149158 

9900 

145586 

10692 

141694 

10692 

EflecUve  Isp  (Sec) 

915 

640 

915 

600 

915 

600 

Final  Mass  (Lbm) 

B50842 

840942 

695357 

684665 

542970 

532270 

AV  (fl/sec.) 

4765 

241 

5596 

299 

6825 

384 

Mission  Velocity  (Ft/Sec.) 

4755 

4996 

10591 

10890 

17716 

18100 

Mission  EflocUve  i^  (Sec) 

896 

906 

894 

902 

892 

1 Closed  Cycle  Cooling  System 

Pluse  1 

Cool  1 

Pluse  2 

Cool  2 

Pluse  3 

Cool  3 

(nUl;d  Mass  (Lbm) 

ibooodo 

845720 

843520 

692280 

690080 

541986 

Burn  Time  (Sec) 

Propollant  Consumed  (Lbm) 

1015 

154260 

174  Min 
2200 

995 

151240 

1006  Min 
2200 

974 

148094 

bays 

2200 

Effective  Isp  (Sec) 

915 

760 

915 

760 

915 

760 

Final  Mass  (lbm) 

845720 

843520 

692280 

690080 

541986 

539786 

AV  (ft/sec.) 

4932 

64 

5816 

78 

7111 

99 

Mission  Velocity  (Ft/Sea) 

4932 

4996 

10812 

10890^ 

18001 

leiob 

Mission  Etieclive  isp  (Sec) 

913 

914 

913 

914i 

913 

Propollant  savings  (lbm) 

2578 

5415 

7508 

Mission  Average  Isp  Improved  21  Seconds  With  Closed  Cycle  Cooling 


Closed  Cycle  Cooling 
Reduces  IMLEO  Over  8% 

950  Sec.  Burn  @ 150,000  Ibf  (2-3  Engines) 


a 
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100  10000  1.2  Days 

Closed  Cycle  Benefits 

• Reduced  Coolant  Ejection 

« Higher  Ejection  Isp  (cut  off  low  Temp.  Tail) 

• 75+%Reductlon  Mission  Isp  Loss  f(Alsp  & AMass) 

• Reduced  g Loss  (Cooldown  Impulse  Delivered  Paster) 

• Closed  Cycle  Has  All  Brayton  Power  Cycle  Components  (Except  Generator) 


GENCCinp 


Energopool 
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Our  Integrated  NlHb  Oaii  Iteciuce  iMLbU  iuu-:^uu-i-  isi-uti| 


[Conventional  Cooling  System  {H2IQZ  OlAi:  Systeinl  1 

Burn  t 

QMS  t 

Dytii  2 

Buni  3 

PMS2 

Bum  4 

Initial  Mass  (Lbot) 

871599 

613424 

397457 

243069 

226845 

PropaUarit  Consuniad 

646062 

58t/5 

287242 

140353 

16224 

1d654f 

ElfecUye  tsp  (SqcI 

450 

892 

892 

459 

892 

Final  Itess  (Utm) 

956266 

013424 

526182 

257104 

226845 

120304 

av  |iy?ec.) 

18200 

1000 

12500 

12580 

1000 

18200 

Misston  Volocilv  (Fl/Soc  I 

18200 

192Q0 

3 1 700 

44  200 

45200 

63400 

A IMtEP 

257 

16.64 

Payload  nyiMined 

80900 

Oyer  liiteg.  NTR£ 

IConvenlionat  Cooling  System  Wilb  Main  tngiiie 

Restart  lor 

Ptmm  f?bans 

f 

1 

Burn  1 

OMS-l 

Burn  ^ 

PWQ  9 

Q«gS  2 

Initial  Mass  (I  bm| 

1678020 

Bill  06 

7/5875 

3?4494 

2290 25 

2190/7 

PropuBnfit  CuHstJinod  (U>iii| 

706104 

35231 

273883 

132244 

9946 

102893 

EKeGliva  Isp  (Soc) 

802 

700 

892 

892 

700 

892 

Filial  Mass  (Lbiii) 

869916 

7 758 7b 

501892 

24225.0 

219077 

116165 

AV  |ft/sec  ^ 

18200 

1000 

12500 

12500 

food 

18206 

Mission  Veloclly  (FtfSoc.) 

16200 

19200 

31700 

44200 

45200 

634QO 

A II4LEO  <Klbm/%) 

132 

a. 55 

Payload  Returned 

50QQQ 

Oyer  Ifiteg.  NTHE 

[integrated  NTRE  Closed  Cycle  Cooling  System  - 

F Huctear  Qi 

m (witboat 

restart) 

Bum  1 

OMS-l 

Burn  2 

Burn  3 

OMS-2 

Pum  4 

Initial  Mass 

fs^saoo 

7604 85 

727453 

3S0Q94 

216612 

207203 

Propellant  Consumed  (l-bm) 

713995 

33032 

252145 

12f347 

9409 

U5/OI 

ElfecUve  Isp  (Sec) 

913 

700 

913 

913 

700 

913 

Final  Mass  gbrn) 

831885 

727453 

4/5308 

228/46 

207203 

1 1 fSQ2 

AV  (fl/sec.) 

18200 

1000 

12500 

12500 

1000 

18200 

Mission  Velocily  (Ft/Sec.) 

16200 

1 9200 

31700 

44200 

45200 

63400 

Payload  neiiirnod 

SOQOO 

too  KtOnt  plop  @ Mats,  IQ7o  l aiat  Itaclioii 

ranfes  droped  after  burns 

L 1 

10/18/92 


Closed  Cycle  Cooling  Gan  Reduce  IMl-EO  Over  10QK  lb* 
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Cpnv«MtttuiUii 
wiUi  Gl»enik;ul  QMS 


17 


1.6 


* Four  Burn  Full  Up  Mars  Mission 
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During  coast,  our  integrated  engine  fs  kept  warm  whiie  generating  up  to  100  kW(e).  The 
mean  electrical  power  will  be  less  than  100  kW(e).  At  20  kW(e)  the  Brayton  cycle  efficiency  is 
approximately  30%  requiring  a thermal  power  of  approximately  60  kW(t),  which  causes  only  a 
small  additional  burn  up  of  the  reactor  fuel. 


integrated  Engine  Eliminates  Additional  Stage 
Components  and  Improves  Stage  Performance 
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The  Integrate^]  engine  edde  life  to  liie  fuel,  heeait^  II  eildi^e  Id  he  loe^t  warm  rating 

eoast  <-^1000  K).  Therefore,  Ihe  will  eee  only  AT'e  during  etatiiip  and  shutdown. 

10OOK  was  chosen  lo  balance  dfo  ef feels  of  vaporl^alloti  late^  thermal  c^ilng,  ami  power  cycle 
efficiency. 


Engine  Does  Not  Cool  Fully  Between  l^lajor  Burns 


2800 


Full  power 

^^throltte  Oown  WMh  Two  TP  As 


a 

I 

s. 

e 


3 


2600  H 
2400 -i 
2200 
2000 -i 
1800 


1600- 


Min  thruSI « Full  OutisI  Tetiip. 
Switch  to  One  TPA 


Throttle  Down  @ Reducing 
outlet  Temp 


AcUvele  Closwi  Cycle  Aus.  Ceeting  SyilBin 
(in  Pwellef  WiUi  Cycle  ‘lhalse  Cooflim^) 


Secure  Open  Cycle  Ceo^ 


Botale  Dnirhs 
^ to  Sustain  Power 
Geiwrallon 

Oosed  Lot^  Cot^ng  Only 


To  Next  Bum 


100 


T~T 


T 


10000  12  Days 

Tima  Since  Full  Power  (sec.) 


V'-  i ' 

116  Days 


Aerojet  Cycle  Benefits 

• Reduced  Thermal  Shock 

• Integrated  flower  Supply 

• ACS  and  QMS  Power 

• Full  Thrust  Available  on  Short  Notice 


Gencxfip  , Energopool  • Babcock  & Wilcox 
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Renabifity  and  Safety 
Mel  Bulman 


GenCorp  . Energopool  • Babcock  & Wilcox 


Our  Turbopump  System  Improves  Mission  Reliability* 


• Single  TPA  System  Has  ~ 4 Times  the  Probability  of 
Total  Failure  vs  2 TPAs 

• Twin  ^ool  4 Stage  Pump  is  More  Reliable  Than  Single 
Shaft  TPAs  at  the  Same  Discharge  Pressure 


* Industry  Standard  Component  Failure  Rates  Applied  to  Feed  Systems 


Gencorp  , Energopool  • Babcock  & Wilcox 
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Dyaf  Bpm  TPA  Provldii  mm  mrnm%  fm  mm 


• (nt^etlefs  Stressed  Le«is  for  Sarne  Weight  and  Performative  - 
Less  AP  Per  tmpofier 

• Pour  Bearings  to  ihare  Loads  Rather  than  t«tfo 

• Lfnshroiided,  MaGhined  Fmpoflers  Have  Higher  strength  than 
Casting 

• Runs  Suhcriticat  for  Less  Dynamic  Stress 


, gnergopool  * Babcock  & Wilcox 

>ieRajEt 


FieliBbifity  iticteBsBd  With  Low@r  StrBSsBd  Parts 


a. 


A StrongtHf  itidilelicb  On  flellabfiUy  ttlan  Count 
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NTRE  - Concept  Design 


A Failure  Modes  and  Effects  Analysis  was  completed  for  the  Particle  Bed  Reactor  concept. 
The  failure  modes  of  the  major  components  were  identified.  The  criticality  and  effect  of  each 
mode  was  determined  and  possible  ways  to  minimize  the  occurrence  of  each  mode  were  also 
identified.  This  analysis  will  be  expanded  and  updated  during  the  preliminary  design  phase  to 
reflect  design  maturation.  The  FMEA  will  be  the  basis  for  developing  a Reliability  Fault  Tree, 
which  will  show  system  interactions  graphically.  Quantitative  evaluation  of  the  base  events  of 
the  Fault  Tree  will  allow  reliability  predictions  to  be  made  of  the  system.  The  Fault  Tree  will  be 
developed  using  CAFTA,  a Computer  Aided  Fault  Tree  Analysis  code,  which  facilitates  reliability 
and  system  safety  analysis  of  complex  systems. 


NTRE  - Concept  Design 
Failure  Modes  and  Effects  Analysis 

• Preliminary  FMEA  Has  Been  Completed  for  Engine  Concept 
- Component  Failure  Modes  Identified 

— Actions  to  Minimize  Occurrence  Are  Incorporated 
Redundancy 
Robust  Design 

Adequate  Testing  and  Inspection 

• FMEA  to  Be  Updated  During  Design  Phase  to  Reflect 
Maturing  Design 

GenCorp  , Energopool  • Babcock  & Wilcox 

yientaJcT 

NP-TIM-92  295  NTP:  System  Concepts 


MTRE  - Concept  Peei^fi 

BeUahiHly 

Methodology  to  Evaluate  the  Effect  of  Redundant  Coniponenls  on  the  Rystem 

Reliability  block  diagrams  and  Industry  standard  tailure  rates  of  like  components  will  be  used 
to  assist  In  the  evalMatlon  of  the  effect  of  redundancies  of  various  components  on  the  reliability 
of  the  system. 

A system  level  Fault  Tree  will  be  developed  which  will  be  used  to  analyze  the  reliability  of  the 
system  during  the  various  operating  phases  of  tbe  proposed  mission. 

A system  Fault  Tree  has  the  advantage  of  being  able  to  see  graphlcaily  the  interactions  of  a 
complex  system,  it  Is  difficult  to  modet  these  Inieracllons  using  only  block  diagrams.  Rlock 
diagrams  are  useful  In  studying  eflects  on  the  system  of  series  redundancy  or  parailel 
redundancy  of  a few  components.  Rut  the  overall  system  reilablliiy  Is  better  evaluated  by  doing 
a quantitative  evaluation  of  a system  Fault  Tree. 

A reliability  Fault  Tree  differs  from  a system  safety  Fault  Tree  only  In  the  definition  of  the  top 
event.  Process  and  human  errors  resulting  in  system  failure  are  always  Included  in  the  system 
safety  Fault  Tree.  They  can  also  be  included  in  the  Reliability  Fault  Tree.  If  the  purpose  of  the 
Reliability  Fault  Tree  is  to  assess  the  reUabUlty  of  the  design  then  the  possible  process  and 
human  errors  would  not  be  included  In  this  Fault  Tree. 


NTRE  - Concept  Design 
Reliability 

Methodology  to  Evaluate  the  Effect  of 
Redundant  Components  on  the  System 


. Reliability  Block  Diagrams  and  Failure  Probabilities  Using 
Industry  Standard  Failure  Rates  for  Like  Components  Will 
Be  Used  to  Evaluate  Need  for  Redundant  Components 

. Reliability  Fault  Tree  Will  be  Developed  of  Overall  System  to 

Be  Used  in  Evaluating  System  Reliability 


GENCcmp  . Energopool  • Babcock  & Wilcox 
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NTRE  Design  Criteria 


NP-nM-92 


• Safely  Factors 
Pressure  Loads 


Yield  Safety  Factors 
Ultimate  Safety  Factor 

Thermal  Loads 


Yield  Safety  Factor 
Ultimate  Safety  Factor 


FSy  s 

1.25 

FSu  = 

1.50 

FSy  = 

1.00 

FSu  - 

1.00 

• Margin  of  Safety 

MS  = (Allowable  Stress)  (FS  * Applied  Stress)  - 1.0 


GenCorp  . Energopool  • Babcock  & Wilcox 
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System  Safety 

Design  Includes  Hazard  Elimination  and  Control 
Provisions  for  Wide  Range  of  Potential  Hazards 


• A Preliminary  Hazard  Analysis  Has  Been  Accomplished 

• This  Analysis  Is  the  Initial  System  Safety  Task  Which  Included  a Review 
Of  the  NTRE  Components,  Potential  Hazardous  Conditions,  Effect  on  the 
System  if  an  Undesirable  Condition  Took  Place,  and  Recommended 
Controls  in  the  Design  to  Prevent  an  Occurrence  From  Happening 

- in  Addition  to  Component  Review,  Natural  Environment,  Oxygen 
Rich  Environment,  and  Aerospace  Ground  Equipment  Hazards 
Were  Considered 

• This  Study  Illustrates  a Combination  of  17  Hazardous  Conditions  That 
Were  Considered 


GenCorp  , Energopool  • Babcock  & Wilcox 
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Nuil^ar  iiftty 


• Water  ittimersidn 

- Most  Reactor  Vditis  Filled  With  Poison  Diirinii  LatihcH 

- Reactor  Desigil  Reiilains  Subcriticai 
- Fuel  Internally  Relainod 

- Launcb  Safety/Frnergency  Shutdovvn  Procedures 

- Qualification  and  i^cceptance  tests 

« Itnpact  coinpaction  (Qround) 

- ooilision  Reduces  Void  Fraction 

Reactor  Resign  Ensures/Rentdins  iuPoriticai 
' Fuel  Ihternally  Retained 

- Launch  satety/Fmergency  Shutdown  Protedures 

- tsuaiilication  and  Mceptance  tests 


tsoNCoRe  • Energopool  • Babcock  & WilcOx 


Nustssr  Ssfsty 

Eitiergeiiey  6osl<down  Procedum 

» 1 tPA  Failure 

- Fast  i(~  1 sec)  or  Slow  30  Seconds)  Single  Failure 

- Ronna)  Reactor  Shutdown 
Cooldown  at  High  Power  With  2hd  tPA 

- CohtihUe  Mission  With  2nd  tP  A 

* 2 tP  A Failure 

- 1 Fails  Fasti  1 Fails  Slowly 

i Shutdown  Reaction  at  High  Power  With  Stowly  Failing  tPA 

- Stnploy  Putsed  Cooling  System  Prior  to  2nd  tPA  Failure 

* 2 tPA  f^lure 

- 2 Fan  Fast  or  ReaHy  Simultaneously 

Stiutdown  RiiaGisr 

- Cooldown  at  High  Power  With  Crossotrer  System 


OH^tciRP  . Energopoot  * Babcock  & Wilcox 
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Nuclear  Safety 

Reactor  Leakage  Potentiai  is  Minimized 

• Use  of  Non-Radiation  Embrittlement  Materials 

• Maintain  Within  Temperature  Extremes 

• Develop  Approved  Installation  Procedures 

• Post-Reactor  Installation  Leak  Checks 

• Test  Area  Monitored  for  Leakage 

• Non-Nuclear  Qualification  and  Acceptance  Tests 

Minimize  Leakage  Effect 

• Radiation  Hardened  Material/Electronics 

• Shielding 

• Qualification  and  Acceptance  Tests 
Bencdrp  . Energopool  * Babcock  & Wilcox 


Nuclear  Safety 

Design  Controls  Radiation  Hazards  to  a Minimum 

• Shielding  Material  - “Burn-In"  Process 
> Internal  Shielding 

- Atieniiates  Levels  at  Propellant  Tank 

- Reduces  Levels  to  Engine  and  Stage  Components 

• External  Shielding 

- Reduces  Level  to  Crew  and  Stage 

• Components  Nuclear  Hardened 

• Proof-of-Concept  Testing 

GenCorp  t Energopool  • Babcock  & Wilcox 
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Nuclear  Safety 

Seactor  Risks  and  Hazards  Are  Minimited, 
i.e.,  iystem  Design 

* Controller  Architecture 

- Uleginostic  instruihentetioh  Monilore  geector 

- Quad  Channel  Fault  Tolerance  Cperation 

- Soitware  Redundancy  Cesitin 

- Multiple  Signals  Reguired  to  Activate  yaivee 

* Reactor 

Control  Drums  Have  Redundant  Drive  Moiora  and  Couplihge 

- Safety  Rods  Have  Redundant  Drive  Motors  and  Couplings 

* Shielding  of  Safety  Rod  Drives  tnsurei  Rod  In  Or  Out  Control  Capability 

» Non-Nuclear  ythration,  Thermal  ahd  Shock  Testa  to  Verify  Structural 
Integrlly 


EBjcnnp  » Energopool  * Babcock  & Wilcox 


Nuclidr  Safety 

Design  Conirols  All  Identified  inergy  SDurces 


• Reactor 

• Pressurized  Propellant  Feed  Lines/Fittings/Valves 

• Turbopump  Assembly 

» Pyrotechnic  Isolation  Valves 

• Electronics 

• Hydrogen  Irt  Tank 


4Ef<iajer 
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System  Safety 
Summary 


• Nuclear  Safety  Hazards  Will  Be  Controlled  Through  Preventative 
Measures 

- Margins 

- Redundancy 

- Diversity 

• NTRE  Design  Will  Meet  the  Applicable  Safety  Requirements  for 
Operation  on  the  Eastern  Test  Range  or  Western  Test  Range 

• The  APD/B&W  Team  Will: 

- Ensure  Design  Meets  Proof-of-Concept  Objectives  With  Risk 
Reduced  to  as  Low  as  Reasonably  Achievable 

- Support  the  Nuclear  Safety  Policy  Working  Group  Recommendations 
as  Applicable 


GENCanp  . Energopool  • Babcock  & Wilcox 
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PBR  Engine  Sensitivity  Studies 
Mel  Bulman 
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* CIS  l^nglrtP  Fuel  Bunrile  Ppwer  Pensity  Is  12  MW/IHer.  Themlpfe  we  expect  Its  welphi  Ip  scefe  epprpximetely  as 
Itie  PBR  engine  wHti  poMifer  density. 


High  Thrust  and  Power  Pensity 
Increase  Engine  ThrusHp''Welght 
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PBR  Design 
Richard  Rochow 


Our  PBR  oiigitie  concept  Is  best  summarized  by  including  the  rationale  behind  the  selection  of  each  ina|or 
subsystem  concept  or  operating  parameter.  2700  K mixed  mean  reactor  outlet  gas  temperature  Is  selected  by 
8&W  fuel  experts  to  meet  the  4.5  hour  Hie  requirement  with  an  appropriate  margin  by  the  end  of  fuel  assembly 
development.  The  engine  design/operating  selection  of  300:1  nozzle  area  ratio  and  nozzle  Inlet  pressure  of  2,000 
psia  is  the  result  of  a Mars  mtsslofi  payload  trade  study;  It  gives  the  best  combination  of  engine  specific  Impulse 
and  weight.  A recuperated  turbopump  drive  cycle  was  selected  for  several  reasons:  (1)  nozzle  Inlet  pressures  of 
1000  psia  and  above  ara  enabled  by  recycling  topping  heat  through  the  turbine,  and  no  reactor  manifolding  need 
be  added  to  extract  turbine  drive  heat  directly  from  the  core,  (2)  engine  start  and  shutdown  transients  are 
smoothed  and  assisted  by  the  large,  available  heat  capacity  of  the  high  surface  area  recuperator,  (3)  the  steel 
heal  exchanger  adds  no  weight  to  the  engine,  because  Us  weight  Is  determined  by  Its  other  duties  as  a large  part 
of  its  internal  gamma  shield  and  as  the  forward  closure  of  the  reactor  vessel.  A forward  core  support  structure 
was  selected,  largely  because  It  Is  the  American  experience  base.  The  forward  structure  Is  cool.  It  forms  part  of 
the  gamma  shield,  and  it  is  used  as  propellant  manifolding.  Fuel  assemblies  operate  In  tension  and  ere 
constructed  of  steel  and  beryllium,  according  to  U.S.  experience.  A single  DeLaval  nozzle  is  selected  that  Is 
internally  cooled  with  hydrogen;  no  hydrogen  bleed  Is  necessary,  because  our  formed  platelet  nozzle  operates 
with  low  Internai  wall  temperatures  at  high  heat  fluxes.  A 40  KIbf  nozzle  of  similar  design,  material  and  coolant  Is 
now  In  lest  at  NASA.  The  nozzle  Is  small,  because  of  the  engine's  high  operating  pressure,  and  we  use  a low 
weight,  carbon-carbon  nozzle  extension.  Its  surface  may  be  converted  to  ZrC  to  Improve  Its  life  In  hydrogen 
environment,  using  near  term  technology  processes  simitar  to  those  In  work  at  Aerogel,  however  this  Is  probably 
unnecessary,  because  total  surface  recession  In  4.5  hours  of  operation  is  expected  to  be  less  than  0.025  in.  (0.64 
mm).  A LleH  neutron  shield  is  encapsulated  In  aluminum  and  located  external  to  the  recuperator  In  order  to 
simplify  the  core  support  structure.  A secondary  gamma  shleid  Is  located  at  Its  forward  face  to  provide  sufficient 

gamma  aUenuation  at  aii  times  cluilng  engino  Iffo,  Botti  sfifofds  are  cooied  by  propotlani  flow. 


Design  Rationale  for  NTRE  With  PBR  Is  Clear 


1 Ha  Mixed  Mean  Outlet 
Temperature  (2,700K) 

2 Pc  (2,000  psia)  1 

3 Ae/At  (300)  Y 

4 Power  Cycle  (Recuperated) 


5 Gore  Support  (forward) 

6 Nozzle  (Single  DeLaval) 

(H2  Cooied  Without  Bleed  Flow) 
(C^C  Extension) 

7 Neutron  Shield  (External) 


Expected  4.5  Hours  Fuel  Life 


Best  Mars  Mission  Performance 
With  Reusable  Engines 

• Enable  High  Pressure  With  Simple  Reactor 

• Enhances  Transient  Operation 

• No  Weight  Penalty  (7  Shield) 

U.S.  Experience  Base 

Near  Term  Technology  Use 
(Fortned  Cu  Platelet) 


Simplifies  Core  Support 
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AERO.n:i/B&w  vHu  m iiv 

NASA  Ia'RC  Final  Report 


PiX‘():irc(l  by  R.P,  Kocbow 
niibcock  & Wilcox,  ASK 

Oet  23,  1992 


REACTOR  DESIGN  PHILOSOPHY 

BABCOCK  & WILCOX  HAS  APPLIED  ITS  KNOWLEDGE  OF  THE  PARTICLE  BED  REACTOR  (PBR)  TO  MEET  THE  NASA 
DESIGN  REQUIREMENTS.  THE  OBJECTIVES  OF  THE  DFSIGN  WERE  TO  STAY  WITHIN  THE  TECHNOLOGY  BASE  FOR 
THE  PBR.  THIS  INCLUDES  THE  MIXED  MEAN  EXHAUST  GAS  TEMPERATURE,  ENGINE  PERFORMANCE  AND 
PRIMARILY  THE  SYSTEM  SAFETY.  THE  PBR  IS  CAPABLE  OF  VERY  HIGH  T/W  RATIOS  HOWEVER,  FOR  MAN-F  ATED 
SYSTEMS  OUR  BASELINE  DESIGN  HAS  BEEN  CONSERVATIVELY  DESIGNED  AND  INCORPORATES  ROBUST  AND 
THEREFORE  RELIABLE  COMPONENTS.  THE  PBR  CONCEPT  HAS  THEREFORE  INCURRED  SOME  MASS  PENALTIES 
WHICH  ARE  BEUeVEO  TO  BE  PRUDENT  IN  TERMS  OF  SAFETY  FOR  THE  CREW. 


REACTOR  DESIGN  PHILOSOPHY: 

STAYWmitN  THE  TECHNOLOGY 

^ • ■ . ...  . . ^ 

NASA  Hequirenients  lsp/(ias  Teinperaturc 
0Mass  Penalties  Aceeplccl 

o Highest  Possible  Performance  is  NOT  Top  Priority 


« SAFETY  1S- 
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PHK  PROVIDi  r.  A COMf*A(;r  \ tif .)  { P(AVl  P LN^iNE 


THePDmSAPARIICULARLYAUHACllVEU)NCEPl  DUO  TU  IHCMIGUiiijm  AUL  AM«  A^.ir  1 HO  PAR  MCI  C FUIX  fOMM.  THE  HtAJ  inANSfXH 
CAPABIUTY  IS  UNSURPASSED  SMALL  PARTICLES.  BY  DEFINII ION.  ALSO  I IMI 1 I HP  1 f irRMAL  ST RESSES  Wl THIN  THE  PARTICLE S DUE  TO 
THE  SHORT  CONDUCTION  PATH  LENGTTV  THESE  FEATURES  ALLOW  THE  POR  ^ C>  OPERATE  AT  HIGH  POWER  DENSITY  AND  THEREFORE 
REQUIRE  LESS  CORE  VOLUME  SMALLER  CORE  VOLUME  TRANSl  ATFS  TO  REDUf : ! IONS  IN  VESSEL  DIAMETER  AND  SI  HELD  DIAMETER.  ALL 
OF  WHICH  TRANSUTES  TO  LOWER  MASS  (OR  HIGHER  T/Vf). 

THE  HETEROGENEOUS  CORE  UTILIZES  3G  FUEL  ELEMENT  SON  A PII  CM  OT  1?  (.M  II  (F  SUPPORT  FOR  THE  CORF  IS  ACCOMMODATED  BY 
THE  MANIFOLD  STRUCTURE.  THE  CORE  IS  “HUNG*  FROM  THE  TOP  WHFRF  COOt  GAS  KEEPS  THE  STRUCTURE  WITHIN  ITS  ALLOWABLE 
TEMPERATURE  REGIME  BERYLLIUM  MODERATOR  HEXAGONS  SURROUND  FACI I FI  lEL  ELEMENT  AND  ACT  AS  ITS  PRIMARY  STRUCTURAL 
SUPPORT 

A TOTAL  OF  18  ROTATING  CONTROL  DRUMS  SURROUND  THE  CORE  THFSF  DRUMS  CONTAIN  A NEUTRON  POISON  (8,C)  SEGMENT  TO 
CONTROL  THE  POWER  OF  THE  REACTOR  A SAFETY  ROD  IS  LOCATED  AT  THE  CCNTERUNE  QF  THE  CORE.  IT  IS  AN  AXIALLY  CONTROLLED 
POISON  ROD  (B«C)  AND  IS  A REDUNDANT  SHUT-DOWN  SYSTEM  IN  THE  EVENT  THE  CONTROL  DRUMS  BECOME  INOPERABLE 

THE  RECUPERATOR  SERVES  MANY  FUNCTIONS  AND  IS  NECESSARY  FOR  POWER  BAl  ANCE.  IT  “RrCYCLES"  WASTE  THERMAL  ENERGY  TO 
DRIVE  THE  TURBOPUMPS.  IN  ADDITION.  IT  PROVIDES  A SIGNIFICANT  PORTION  OF  THE  INTERNAL  SHIELDING  FOR  THE  lURBOPUMPS. 
PLATELET  TECHNOLOGY  Wia  BE  USED  TO  FABRICATE  THE  RECUPERATOR  AND  THE  COOLED  PORTION  OF  THE  NOZZLE 


PBR  Provides  a Compact  High  Power  Engine 


FUEL  ELEMENT  & MODERATOR 


MAt4  1 FOLDS  N07,ZLE 


RECUrF.RATOR/  I NTi'.RNAI.  5JH  lELI) 
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PAGE  fs 
OF  POOR  QUALITY 


BEgUPERATED  CYCm  PIlOVMJrS  SUPBlIOn  ENGINE  jQPERATIQN 


THE  RECUPERATED  CYCLE  BENEFITS  THE  ENGINE  IN  MANY  WAY?.  RECUPERATOR  CgNTRIRiTOS  TO 
SHIELDING  REqUiREMENTS  (PABRCULARLY  GAMMA).  IT  ENABLES  HIGH  Chmsm  PRiSSU RE  BY  SATISFYING  TM^ 
POWER  BALANCE  OF  THE  SYSTEM-  IT  ALSO  HOLDS  A URGE  AMOUNT  OF  THERMAL  ENERGY.  THERE  IS 
SUFFICIENT  THERMAL  ENERGY  WITHIN  THE  RECUPERATOR  FOR  SEYRRAL  RESTARTS.  FROM  TTIE  RfAGTOR 
STANDPOINT.  PERHAPS  THE  MOST  IMPORTANT  BENEFIT  OF  THE  R^PERATEP  CYCLE  IS  THAT  IT  PREyENTS 
LIQUID  HYDROGEN  FROM  ENTERING  THE  CORE.  THIS  EUMINATES  THE  POSSIBIUTY  OF  H|GH  EXPESSIVE 
REACTIVITY  DUE  TO  VERY  DENSE  HYDROGEN  IN  THE  GORE.  IN  ADDITION.  THE  RECUPERATOR  DAMPS  HYDRAULIC 
OSCILLATIONS  THROUGH  THE  USE  OF  SMALL  PASSAGES  AND  FLOW  DIRECTION  CHANGES.  IT  INSURES  THE 
DELIVERY  or  UNIFORM.  STEADY  FLOW  TO  THE  FUEL  ELEMENTS  WITHOUT  SHARP  PRESSURE  PULSES. 


Recuperated  Cycle  Provides 
Superior  Engiue  Operation 

'1'  Provides  Copied,  Internal  GaiiiiTia  Shield 
o Enables  1 ligh  Chamber  Pressure 

© Provides  Thermal  linergy  for  Turbopump  Start 

- Energy  available  lor  many  starts 

€>  Provides  Safe,  Controllable  Reaetor  Start 

T prevents  Liquid  Hydrogen  entry  into  the  core 

- Decniipics  and  clamps  system  oscillations 


Bmtsmp 
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ncAcion  c»UMMAnr;  key  specs 


THEBE  ARE  SEVERAL  NOTEWORTHY  REACTOR  SPECIFICATIONS.  PERHAPS  THE  MOSI  IMPORTANT  IS  THE 
AVERAGE  POWER  DENSi  TY  THAT  WAS  CHOSEN  FOR  THE  BAGB  INI  . I HE  VALUE  OF  33  MW/L  WAS  CHOSEN  FOB 
THIS  MISSION  BECAUSE  WE  BELIEVE  IT  IS  ACHIEVAni  r FURTHERMORE.  THE  RUSSIAN  ENGINEERS  HAVE 
DEMONSTRATED  UP  TO  90  MW/L  (FOR  MINUTES)  WITH  SIMILAR  FUEL  COMPOSITION,  IT  IS  IMPORTANT  TO  NOTE 
THAT  THE  POWER  DENSITY  DETERMINES  THE  SIZE  OF  THE  RFACIOR  AND  THEREFORE  THE  ENGINE  SIZE.  THE 
CHANGE  IN  MASS  OF  THE  REACTOR  WITH  POWER  DENSITY  VARIATIONS  IS  SHOWN  SEPARATELY. 

THE  BASELINE  FUEL  COMPOSITION  IS  (U,Zr)C  WHICH  IS  COATED  WITH  NbC.  THIS  COMBINATION  OFFERS  HIGH 
TEMPERATURE  CAPABILITY  (IE  MFLT  IS  APPROX.  3,300'3,400K)  AND  THE  COATING  PROVIDES  THE  FISSION 
PRODUCT  RETENTION  AND  IS  SELECTED  TO  MATCH  T HE  THERMAL  EXPANSION  OF  THE  BINARY  FUEL  BETTER  THAN 
ZrC, 


REACTOR  SUMMARY:  KEY  SPECS 


eHLeaclor  Power  I %(iW 

riinist  (200: 1 no7.7.lc)  7*i,000  I ,l> 

o Cias  Outlet  Temp  (mi .xcd mean ) 2 . 700  K < T 001’) 

o Pmpellant  Flow  Rate  82  I b/scc 


o l'ucl  Foini 
o Particle  Diameter 
0 Bed  Power  Density  (avc) 
©Core  Power  Density 
©Fuel  Volume 
p Niunbcr  of  FJcmenis 
©Safety  Shutdown 


Rinai>  (/r.U)(  /Nb( 
sot)  Micnwi  (20  mils) 
33  MW/I 
TOMWd 
47  7|iicis 
36 

Central  )^»i sc m Rod 


o Vessel  Diameter 

© Reactor  I’ueicdLenglli 

© Rcnclor  Ma.ss  (no  rcciijj/  sliicldiiig) 


I (H  mciciS 

921eni 

S.3T0  l.h<  2 '12(JKg) 
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BEACIQB  features  Cf'f  IGII  N1  INU  ( illA IION  OE.OPMPQNENIS 

THE  FUEL  ELEMENTS  ARE  LOCArED  ON  A HEXAGONAl.  ARRAY.  THIS  ALLOWS  THE  36  FUEL  ELEMENTS  TO  OE 
EFFICIENTLY  INTEGRAI  ED  INTO  THE  SMALLEST  POSSIBLE  VOLUME  Wl  IILE  MEETING  Cni  TICAU  TY  LIMITS.THERMAL 
HYDRAULIC  AND  STRUCTURAL  REQUIREMENTS  A SATISFACTORY  PITCH  WAS  FOUND  TO  BE  11  CM.  THIS  WAS 
PRIM  ARILY  SI^ED  FOR  I lYDRAULIC  CONSIDER  AT  IONS  (IE  I OW  PRESSUnC  PROP  II  moi  IGH  Tl  IE  MODERATOR  AND 
INLET  PLENUM).  FURTHER  STUDIES  AND  OPTIMIZATION  WILL  LIKELY  RESULT  IN  A CHANGE  IN  THE  PITCH. 

THE  CONTROL  DRUMS  ACT  AS  THE  REFLECTOR  AND  THE  CONTROL  SYSTEM  FOR  THE  REAGtOR.  'mEY  ARE 
APPROXIMATELY  TI  CM  in  DIAMETFR  with  an  outer  segment  of  12  MM  THICKNESS  AND  120  DEGREE  ARC 
CONTAINING  B^C.  THEY  ARE  PLACED  AS  (JUTSf-  TO  THE  CORE  AS  POSSIBLE  ORIGINALLY  THERE  WERE  2^1 
CONTROL  DRUMS  BUT  THE  -CORNER"  SIX  WERE  PROVIDING  UTTLE  CONTROL  BENEFIT  AND  WERE  THEREFORE 
REMOVED.  THE  SAT  HTY  ROD  IS  LOCA I ED  IN  T I IE  GENTER  OF  THE  CORE  Wl  lERE  1 1 S WORTH  IS  MAXIMIZED. 


Reactor  Features  Efficient 
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inci  VAf^ious  FLOW  LOOP3  oi  1 1 n:  fngini  (jyivi  i m i iavi  I « i N ( ifir  At  i Y siMtM  inri)  1 mi u n k^i  i mt  i isr  or  an 
INNOVATIVE  MANIFOLD/CORE  SUPPORT  STRUCTURE.  IMIS  COMPONENT  IS  UNIQUE  IN  THAT  IT  NOT  ONLY 
PROVIDES  A VERY  RIGID  STRUCTURE  TO  WHICH  THE  FUEL  ELEMENTS  ARE  ATTACHED  BUT  IT  ALSO  CONTAINS  TWO 
PLENUMS  FOR  THE  MODERATOR  COOLING  LOOP  AND  A FEED-7  MftOUGH  FOR  THE  FUEL  ELEMENT  PROPELLANT 
LOOP. 

THE  FABRICATION  OFTHE  CORE  SUPPGRT  STRUCTURE  IS  SIMILAR  10  THAT  OF  A HONEYCOMB  COMPOSI  IE.  THE 
INTERNAL  WEBS  CARRY  THE  SHEAR  LOADS  WHILE  THE  TOP  AND  QO  t TOM  SKINS  OF  STEEL  CARRY  THE  MEMBRANE 
LOADS.  AS  THE  AIRCRAFT  INDUSTRY  IS  AWARE,  THIS  CONFIGURAT  ION  IS  EXTREMFLY  EFFICIENT  IN  ITS  SPECIFIC 
LOAD  CARRYING  CAPABILITY  AND  STIFFNESS.  THEREFORE  THE  THICKNESSES  OF  THE  STEEL  SKINS  AND  WEB  ARE 
MINIMIZED. 


MANIFOLDS  PROVIDE  CORE  SUPPORT 


Moderator  Cooling 

Cooling 

Inlet 


Boncorp 


Energopooi 
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CONTROL  DRUMS  PQSITtONEDjpj  MAXfMyM  WORTH 


THE  CONTROL  DRUMS  ARE  LOCATED  CLOSE  TO  THE  CORE,  WITH  AS  LARGE  A DRUM  S|ZE  AS  POSSiaLE  WITHOUT 
INTERFERENCE,  (APPROXIMATELY  1 1 CMOUl  SIDE  DIAMETER)  TO  ENHANCE  NEUTRON  REFLECTION  AND  CONTROL 
WORTH,  WHILE  MINIMIZING  THE  SURROUNDING  PRESSURE  VESSEL  SIZE.  THE  DRUM  HEIGHT  SLIGHTLY  LONGER 
THAN  THE  ACTIVE  FUEL  BED  HEIGHT  OF  ABOUT  92  CM.  THE  CONTROL  DRUMS  rQR  THE  COI^EPTWAL  DESIGN 
ARE  MADE  OF  BERYLLIUM  WITH  A B^C  POISON  SEGMENT  1 2 MM  THICK  OVER  A 12Q  DEGREE  ARC  SEGMENT.  THE 
CONTROL  DRUM  WORTH  IS  0. 10  DELTA-K/K  WITH  Tl  IE  SAFETY  ROD  WIT  HDRAWN,  AND  G.  14  WITH  THE  SAFETY  ROD 
INSERTED.  TOTAL  CONTROL  WORTH  IS  0.26  OELTA  K/K,  FOR  A SHUTDOWN  BEACTIV|W  OF  -0.^  OELTA-K/K  (K- 
EFFECTIVE  = 0.83).  NOMINAL  HYDROGEN  GAS  DENSITIFS.  OB  WORTH  IS  0.07  DELTA-K/K,  WERE  INCLUDED  THUS, 
WITHOUT  HYDROGEN  GAS.  THE  REACTOR  WILL  BE  0.01  DELTA-K/K  SHUTDOWN  EVEN  IN  THE  MOST  REACl  IVt 
CONTROL  POSITIONS.  A STUDY  OF  INDIVIDUAL  DRUM  WORTHS  SHOWED  THAT  A FIXED  BEBYLUUM  REFLECTOR 
SECTION  IN  THE  CORNER  POSITION  ENHANCES  REFLECTION  AND  CONTROL  WORTH,  INCREASING  TOTAL  DRUM 
WORTH  BY  ABOUT  0.01  DELTA-K/K.  WHILE  ALSO  ALLOWING  SMALLER  PRESSURE  VESSEL  SIZE.  A TRADE  STUpY 
SHOWED  POISON  THICKNESS  AS  IHIN  AS  1 MM  IS  QUITE  EFFECTIVE  AND  THAT  THE  MAXIMUM  WORTH  WAS 
REACHED  AT  APPROXIMATELY  10  TO  15  MM. 


CONTROL  DRUMS  POSITIONED  FOR  MAXIMUM  WORTH 


BenCorp  ^ 
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SAFErf_QQPAQ(?MEP  FOn  MAXiMUM.WQaJlJ 


THE  CENTRAL  SAFETY  ROD  iS  LOCATED  IN  A POSITION  OF  1 «GI  i Nl  U1  f\ON  FLUX,  nESUU TNG  \H  A CONTROL  WORTl  I 
WHICH  EXCEEDS  THE  COMBINED  WORTH  OF  THE  18  CONTfK)l  ORUMS.  H CONTAINS  B,C  IN  A CYUNDRICAL  SHAPE 
WITH  OUTSIDE  DIAMETER  OF  ALMOST  1 1 CM.  A BeO  REFLECTOR  SEGMENT  IS  MOUNTED  ON  THE  AFT  END  TO  MINIMIZE 
NEUTRON  STREAMING  THROUGH  THE  SAFETY  ROD  OPENING  AND  TO  REDUCE  HEATING  DURING  OPERATION.  THE 
SAFETY  ROD  WORTH  IS  0.1 2 DELTA-K/K  WITH  THE  CONTROL  DRUMS’  POISON  OUTWARD,  AND  0.16  DELTA  K/K  WITH  THE 
CONTROL  DRUMS'  POISON  INWARD.  THE  TOTAL  CONTROL  WORN  1 1S  0.26  DELTA-K/K.  FOR  A SHUTDOWN  REACTIVITY 
OF  -0.20  DELTA-K/K  (K-EFFECTIVE  = 0.83).  NOMINAL  HYDROGEN  GAS  DENSITIES,  WORTH  0.07  DELTA-K/K,  WERE 
INCLUDED.  THUS.  WITHOUT  HYDROGEN  GAS,  THE  REACTOR  WILL  RE  0.01  DELTA-K/K  SHUTDOWN  EVEN  IN  THE  MOST 
REACTIVE  CONTROL  POSITIONS 


SAFETY  ROD  LOCAT  ED  FOR  MAXIMUM  WORTH 
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rUELELFMrN  f INIFOfiArEO  FFFlCLimY 


THE  PBR  cone  IS  HETEROGENEOUS  VyiTl  I A COUl  FD  MODf  RAIOR  JACKET  SURROUNDING  Jl  IE  COlD  TRI  f TilFI.  AND 
HOT  FRIT.  THE  MODERAIOR  CONSISl  S OF  MACHINED  Bl  OCKS  OF  BERYLLIUM  JOINEO  lOOETHER  TO  FORM  A RKilD 
JACKET  NEARLY  1 METER  IN  LENGTH  THE  Rl  OCKS  ARF  PRE  DRll  LED  WITH  CAREFULLY  SIZED  HOLES  TWELVF  OF 
THE  as  HOLES  ARE  BU.EO  WITH  ZIRCONIUM  HYDRIDE  AND  THE  REMAiNDER  ARE  USED  FOR  MODERATOR  COOLING. 
THE  RATIOS  OF  ZinCONJUM  HYDRIDE.  BERYU.IUM  AND  HYDROGEN  YIEU3  PROPER  NEUTRONICS,  STRUCTURAL  AND 
THERMAL  HYDRAUUC  PERFORMANCE.  THE  BASELINE  DESIGN  UTILIZES  A RATIO  OF  82%B©,  a*?$ZrH  AND  10%H2.  THE 
PRESSURE  DROP  WITHIN  THE  COOLANT  LOOP  OF  THE  MODERATOR  IS  APPROXIMATELY  300  PSI,  THE  THICK  BpTYLUUM 
WALLS  ARE  MORE  THAN  ADEQUATE  TO  PROVIDE  STRUCTURAL  SUPPORT  AND  THE  ZIRCONIUM  HYDRIDE,  EVEN  IN  SUCH 
SMALL  fpUANTITIES  PROVIDES  ENHANCED  MODERATION  FOR  THE  CORE.  FURTHER  OPTIMIZATION  CAN  SIGN (FIC AN  I I Y 
ENHANCE  THE  PERFORMANCE  OF  T HE  MODERATOR  AND  REACTOR. 


THE  COLD  FRIT  DISTRIBUTES  THE  FLOW  TO  THE  FUEL  BED  IN  PROPORTION  TO  THE  LOCAL  HEAT  GENERATION. 
COOLANT  FLOW  IS  DIRECTED  RADIALLY  INWARD  AND  IS  HEATED  BY  THE  FUEL  BED.  THE  HOT  GAS  PASSES  THROUGH 
HOLES  IN  THE  HOT  FRIT  WHERE  IT  COaECTS  IN  THE  I lO T CHANNEL  AND  IS  EXHAUSTED  TO  THE  NOZZLE.  THE  COLD 
FRIT  IS  MADE  OF  STEEL  AND  WIIX  LIKELY  BE  OF  PLATELET  DESIGN  THE  HOT  FRIT  IS  MADE  OF  NIOBIUM  CARBIDE 
COATED  GRAPHITE.  GRAPHITE  TECI INOLOGY  HAS  EVOLVED  OVER  THE  YEARS  AND  IT  IS  NOW  POSSJBl£  TO  OBTAIN 
GRAPHITE  WITH  A THERMAL  EXPANSION  COEFnCIENT  LHAT  MATCJHrS  THAT  OF  NIOBIUM  CARBIDE  EXACTLY 

THE  HOT  CHANNEL  (THf  AREA  INSIDE  THE  HOT  FRIT)  IS  SIZED  SUCH  THAI  THE  MAXIMUM  VELOCITY  OF  THE  HOI 
HYDROGEN  IS  NOT  GREATER  THAN  MACH  0.?5  TO  AVOID  COMPRESSIBILITY  EFFECTS 


FITF.T.  KT.RMENT  rNTEORATED  EFFICIENTLY 


BKRYLLIUM  MODEELATGR 


7.rH  MODERATOR 


cm, I)  FRIT 
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FUEL  ELEMENT  FLOW  IS  SELF  CONTAiNED 


THE  FUEL  ELEMENT  WAS  ANALYZED  USING  FOTVE.  A I-D  B81W  PROPWFrARY  COMPUTFR  CODE  WHiai  PREOrCTS  PRESSURE  LOSSES  IN  THE 
DIFFERENT  COMPONENTS  OF  AN  ELEMENT,  AS  WELL  AS  TEMPERATURES  OF  THE  PROPELLANT  AND  FUEL.  EACH  FUEL  ELEMENT  WAS  INITIALLY 
AUOTTED  A PRESSURE  DROP  OF  500  PSID.  RESULTS  FROM  FOTVE  INDICATE  MAXIMUM  PRESSURE  DROPS  OF  ABOUT  300  PSID.  THE  PROPELLANT 
FEED  CHANNEL  WAS  DESIGNED  TO  MINIMIZE  PRESSURE  LOSS  OVER  THE  LENGTH  OF  Tl  IE  CHANNEL  WITHOUT  IMPACTING  THE  WaOHT  AND 
SIZE  OF  THE  FUEL  ELEMENT  ASSEMBLY.  RESULTS  OF  A STUDY  TO  COMPARE  PRESSURE  LOSSES  TO  THE  DIFFERENT  GAP  SIZES  BETWEEN  THE 
MODERATOR  AND  COLD  FRIT  INDICATED  THAT  THE  OPTIMUM  GAP  WAS  AT  0.3  CM. 

THE  COLD  FRIT  IS  DESIGNED  TO  BE  THE  PRIMARY  FLOW  CONTROLLER  IN  FOTVE  RUNS.  THE  MINIMUM  COLO  FRIT  PRESSURE  DROP  TO  THE  BED 
PRESSURE  DROP  RATIO  IS  MAINTAINED  AT  8 TO  L THIS  RATIO  ENSURES  THAT  THE  COLD  FRIT  HAS  CONSIDERABLY  MORE  CONTROL  OVER  THE 
FLOW  DISTRIBUTION  TO  THE  FUEL  BED  THAN  THE  PROPELIANT  FEED  CHANNEL  OR  THE  BED  ITSELF. 

THE  MODERATOR  DESIGN  WAS  ANALYZED  USING  A CHANNEL  FLOW  CODE  CALLED  PIPTH.  ANOTHER  B&W  PROPRIETARY  CODE,  THE  CODE 
CALCULATES  PRESSURES,  TEMPERATURES  AND  FILM  COEFFICIENTS  ALONG  THE  LENGTH  OF  A HEATED  CHANNEL.  THE  MODERATORS  WERE 
INITIALLY  ALLOTTED  A PRESSURE  DROP  OF  500  PSID.  RESULTS  INDICATE  A MAXIMUM  DROP  OF  ABOUT  300  PSIO. 

THIS  CORE  DESIGN  HAS  NOT  BEEN  OPTIMIZED.  HOWEVER.  A FUEL  ELEMENT  AND  MODERATOR  FROM  ONE  OF  THE  SIX  ASSEMBLIES  WHiai 
SURROUND  THE  SAFETY  ROD  WERE  ANALYZED  FOR  THIS  CORE, CONFIGURATION.  THESE  ANALYSES  DEMONSTRATE  A WORKABLE  DESIGN  BUT 
DETAILED  ANALYSES  MUST  BE  PERFORMED  ON  A CORE  SYSTEM  LEVEL  TO  PROVIDE  INSIGHT  ON  FLOW  SPLIT  CHARACTERISTICS  AND  ITS  IMPACT 
ON  PRESSURES  AND  TEMPERATURES  FOR  FULL  POWER.  THROTTUNG  AND  DECAY  HEAT  CONDITIONS 


FUEL  ELEMENT  FLOW  IS  SELF  CONTAINF.n 


Fuel  £le«ent  Cross-Section 
(with  Afterburner I 


From  H.P.  Rect^ntor 
P » 4600ptle 
T t.  317"K 


From  L.P.  Rocuperator 

» ■ *S3?***  Turbine 

T.IPgK  P«3900p»la 

T«48a“K 


Features 

Moderator  Cooling  Channel 
Propellant  Feed  Channel  — 
Cold  FrH 
Fuel  Bed 
HOI  Frit 
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pgEU  PARTICLE  PROVinC$  HIGH  POWER  DEN^LTYJJlEMn 


FUEL  PARTICLE  DESIGN  IS  BASED  ON  MISSION  nEQUlREMrNrs  AND.  WITHIN  LIMII  S.  DOES  NOT  SIQNinCANTLY  AFFECT  THE  RFACTOR  DESIGN 
IN  GENERAL,  PARTICLE  DESIGN  IS  SELECTED  ON  THE  BASIS  OF  ENGINE  BURN  DURATION.  NUMBER  OF  CYCLES.  EXHAUST  GAS  TEMPERATURE 
AND  SYStEM  RELIABILITY  REQUIREMENTS  CURRENTLY.  THERE  ARE  FOUR  COATED  PARTICLE  DESIGNS  UNDER  CONStDERATlON  FGfl  USE  IN 
PBR'S.  each  capable  OF  MEETING  DIFFERENT  SETS  OF  MISSION  REOUIflEMENTS 

L THt  EARUEST  PARTICLE  B&W  DEVELOPED  WAS  THE  SO  CAUED  BASELINE  PARTICLE.  IT  WAS  BASED  ON  THE  TRISO  PARTICLE  DEVELOPED 
for  CAS-COOLED  power  reactors.  IT  CONSISTS  OF  A URANIUM  CARBIDE  KERNEL  SURROUNDED  BY  TWO  LAYERS  OF  CARBON  (BUFFER.  FOR 

ctE  Mismatch  and  sealant)  and  an  outer  shell  of  7rc  or  nhc  This  particle  is  capable  Cf  operating  for  io*s  to  u»‘s  of 

SECONDS  in  the  RANGE  OF  2500-2800K  FOR  S- 10  THERMAL  CYCLES.  THESE  PARTICLES  HAVE  BEEN  PRODUCED  BY  B&W  IN  SIGNIFICANT 

quantities  and  the  Process  is  well  understood  testing  has  included  both  in-pile  and  out-pile  teSts.  This  particle  would 
NOT  sustain  27Q0K  FOR  SEI  APPLICATIONS. 

2.  we  ARE  PRESENTLY  DEVELOPING  MIXED  CARBIDE  PARTICLES  WHICH  ARE  DESIGNED  TO  REACH  MAX.  FUEL  TEMPERATURES  OF  3200-3400K 
THEY  ARE  DESIGNED  TO  OPERATE  FOR  100  S TO  lOOO  S OF  SECONDS.  MIXED  CARBIDES  SUCH  AS  (U.Zr)C  AND  (U,Nb)C  WITH  NfaC  COATINGS 
ARE  BEING  DEVELOPED.  IT  IS  EXPECTED  THAT  Tl  IIS  PARTICLE  WILL  WITHSTAND  MORE  THAN  10  THERMAL  CYCLES  AND  SUSTAIN  2700  K EXIT  GAS 
temperature  OR  GREATER.  THESE  ARE  CONSIDERED  THE  APO/BSW  BASELINE  SEI  FUEL  BAW  EXPECTS  TO  BE  IN  FULL  PRODUCTION  OF  THESE 
PARTICLES  WITHIN  1 YEAR 

3.  UNDER  REVIEW  IS  A PARTICLE  DESIGN  CONSISTING  OF  A POROUS  U02  KERNEL  COATED  WITH  TUNGSTEN.  0&W  EXPECTS  IT  TO  BE  EASILY 
FA8RICA8LE.  HAVE  GREATER  LONG  TERM  (1000'S  OF  SECONDS)  RELIABILITY  THAN  CARBIDE  FUELS.  BE  VERY  RESISTANT  TO  THERMAL  CYaES 
IF  KEPT  ABOVE  ABOUT  700  K.  AND  HAVE  VERY  GOOD  FISSION  PRODUCT  RETENTION  BUT  BE  LIMITED  TO  A MAXIMUM  TEMPERATURE  OF  ABOUT 
3GKX)-3100K. 

4.  IN  THE  EARLY  STAGES  OF  LAB  DEVELOPMENT  ARE  ADDITIONAL  ADVANCED  PARTICLE  CONCEPTS  WHICH  ARE  THEORETICALLY  CAPABLE  OF 
OPERATING  FOR  1000’S  SECONDS  AT  3400K  AND  MANY  THERMAL  CYCLES.  IT  IS  EXPECTED  THAT  THESE  COULD  BE  BROUGHT  TO  PRODUCTION 
READINESS  IN  SEVERAL  YEARS. 


FUEL  PARTICLE  PROVIDES 
mCH  POWER  DENSITY  A TF.MP 


NbC  COATING 


(U,Zr)C 
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• 48  Liters  of  Fuel 

• 33  MW/i  (ave) 

• 500  Micron  Dia. 

• Loading: 

127  kg  Uranium 
21  kg  Carbon 
57  kg  Zirconium 
60  kg  Niobium 
265  kg  Total  Bed 

• 73%  Enrichment 

• S^OO-^  K Melt  Approx. 
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THE  PBR  IS  THERMALLY  STABLE.  THE  FUEL  TEMPERATUnE  < )f *CRA ITS  A f ABOUT  2800K  WHEN  THE  MIXED  MEAN  GAS 
TEMPERATURE  IS  2700K.  THE  AMOUNT  OF  LOCAL  FLOW  CAN  BE  REDUCED  BY  15-22  % BEFORE  THE  FUEL  KERNEL 
REACHES  ITS  MELT  TEMPERATURE.  BASED  ON  THERMAL  HYDRAULIC  STABILHY  STUDIES  A LOCAL  FLOW  DISRUPTION 
DOES  NOT  CAUSE  A PROPAGATION  BUT  RATHER  A STABLE  TRANSITION  TO  A NEW  TEMPERATURE.  THIS  IS  DUE  TO  THE 
HIGH  REYNOLDS  NUMBER  AND  TURBULENT  REGIME  OVER  WHICH  THIS  PBR  OPERATES.  FOR  HIGH  POWER  REACTOR 
OPERATION  THE  PBR  IS  QUITE  STABLE  (AS  IS  EXPECTED). 

THERMAL  HYDRAUUC  INSTABIUTY  CAN  OCCUR  FOR  LOW  FLOW  REGIMES  (IE.  LOW  POWER).  THE  BED  HYDRAULIC 
RESISTANCE,  WHICH  IS  FORMED  BY  VISCOUS  AND  INERTIAL  FORCES  CTYPIFIED  BY  THE  ERGUN  CORRELATION)  IS 
DOMINATED  BY  INERTIAL  FORCES  FOR  HIGH  POWER.  HIGH  FLOW  OPERATION.  HOWEVER.  FOR  LOW  FLOW  OPERATION 
THE  VISCOUS  TERM  CAN  DOMINATE.  FOR  SUCH  CASES,  A PERTURBATION  IN  FLOW  CAN  CAUSE  INCREASED  LOCAL  GAS 
TEMPERATURE  AND  THUS  HIGHER  PRESSURE  WHICH  CAUSES  HIGHER  GAS  TEMPERATURES...AND  SO  ON.  B&W 
UNDERSTANDS  THE  MECI^NISMS  INVOLVED  AND  THE  REGIMES  OF  OPERATION  WHICH  MUST  BE  AVOIDED.  IT  IS 
SHOWN  THAT  FOR  A THREE  DIMENSIONAL  ANALYSES  IT  IS  POSSIBLE  TO  RETAIN  NEARLY  ALL  THE  PBR  PERFORMANCE 
(IMPULSE)  WHILE  THROraiNG  TO  5-10%  OF  FULL  FLOW.  ANOTHER  SOLUTION  TO  THE  LOW  FLOW  INSTABILITY  CAN  BE 
FOUND  BY  REDUCING  THE  CHANGE  IN  GAS  TEMPERATURE  AS  IT  FLOWS  THROUGH  THE  FUEL  BED,  BY  INCREASING  THE 
INLET  GAS  TEMPERATURE  TO  450K,  THE  FLOW  STABILITY  CAN  BE  MAINTAINED  EVEN  FOR  CONSERVATIVE  ANALYSES. 


The  PBR  NTRE  is  ThermaHv  Stable 

IHlKifJX  

Fuel  Temp  (K)  H / IlcUa  T 
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FUaLDgSIGN  PALANCeS  ReACTIVtTY  AND  CONTROL 


THE  REACTOR  AND  FUEL  DESIGN  IS  FLEXIBILE.  THE  40  U I ER  FUEL  VOLUME  WAS  BASED  CW  33  MW/UTER  POWER  DENSITY  AND  f 5fiG  MW  TOTAL 
POWER.  THE  36  FUEL  ELEMENT  CORE  WITH  I \ CM  PITCH  AND  MODERATOR  COMPOSED  OF  82%  BERYLLIUM.  8%  ZRR  AND  t0%  HYDROGEN 
COOUm  PASSAGES  WERE  BASED  mMARILY  ON  MECHANICAL  AND  THERMO-HYDRAUUC  CONSIOEBATfONS.  AND  PHVSICS  TRAOE^PS 

FOR  HIGH  REACTIVITY,  THE  FUEL  PARTICLE  MAXIMIZES  URANIUM  LOADING.  THE  BASELINE  PARTICLE  IS  70%  UG/ZRC  KERNAL  SURRCWNDEO 
BY  30%  NBC  CXIATING.  BY  VCXUME,  AND  THE  KERNAL  CONTAINS  50%  UC.  FOR  AVERAGE  BED  URANIUM  DENSITY  QF  2,7  G/CC.  IT  IS  EXPECTED 
THE  URANOIM  LOADING  WILL  BE  REDUCED  BY  50%  OR  MORE  THROUGH  OPTIMIZATION  OF  THE  GORE.  WITH  FULLY  ENRICHED  FUEL,  AND  NO 
HfC  HOT  CHANNEL  INSERTS.  THE  MAXIMUM  REACTIVITY  IS  0 19  DELTA-K/K.  HIGH  EXCESS  REACTIVITY  PROVIDES  FLEXIBIUTY  FOR  OPTIMIZING 
THE  DESIGN.  AND  ALLOWS  MARGIN  FOR  MODELING  UNCERTAINTIES  AND  OVERCOMING  REACTIVITY  LOSSES  DUE  TO  XENCW  TRANSIENTS  AND 
FUEL  DEPLETION  DURING  OPERATION 

DESIGN  VARIABLES  TO  BAUNCE  HIGH  REACTIVITY  AND  CONTROL  ARE  FUEL  PARTICLE  URANIUM  CONTENT.  URANIUM  ENRICHMENT.  INSTAUEO 
NEUTRON  POISONS.  MODERATOR  MATERIALS.  FUEI  ELEMFW  PITCH.  AND  CORE  REFLECTOR  AND  CONTROLS  DESIGN.  CONICAL  HfC  INSERTS 
WERE  PLACED  IN  THE  HOT  CHANNELS  TO  PROVinr  FIXED  NEUTRON  POISON  HOLD  DOWN  OF  0.07  DELTA  K/K  AND  1%  OF  TOTAL  POWER  IN 
EXTRA  HYDROGEN  GAS  HEATING.  HAFNIUM  ALSO  moVIDES  RESONANCE  NEUTRON  ABSORPTION  WHICH  Wia  IMPROVE  PROMPT  TEMPERATURE 
FEEDBACK;  HOWEVER  HYDROGEN  FLOW  DISTRIBUTION  MUST  COMPENSATE  FOR  THE  SHIFT  IN  AXIAL  POWER  SHAPE.  THE  O’*  ENRICHMENT 
WAS  ALSO  REDUCED,  INCREASING  THE  NEGATIVE  PROMPT  TEMPERATURE  FEEDBACK  OF  THE  FUEL  DUE  TO  THE  DOPPLER  COEFFICIENT  OF  THE 
LARGER  FRACTION  OF  U*".  INCREASING  PROMPT  flUCLEAR  rEEOOACK  ENHANCES  THE  STABIUTY.  AND  THUS  CONTROL  AND  SAFETY  OF  THE 
REACTOR.  THEFINAL  MAXIMUM  REACTtVITY  OF  THE  f:ONCEPTUAL  DESIGN  IS  0.06  DELTA-K/K.  THE  CONTROLS  HAT«  LARGE  REAGTIVITY  WORTHS. 
THE  SAFETY  ROD  WORTH  OF  0.12  DELTA  K/K  IS  SOMEWHAT  HIGHER  THAN  THE  CONTROL  DRUMS  WORTH  QF  0.10  DEUTA-K/K. 


i>ksk;n  halancks  rkacuvh  y and  control 


Reactlvilyni  IJfl'. 


*-%  »3V. 

I ' i't  O ’ *'■  nrfitrt  *JHIn  £3  Dtuivi  ^rUfi  O In  SROul 
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I HE  PBR  WILL  HE  MAINIAINtl)  i;UBCnUK:Al.  ( OH  AU.  t AUW-H  A\x:HM  N1  ntTNAHIOS  PRFI  tMJNARY  ESTIMATES  FOUND  rHAT.  FOR  THE 
CONCEPT  UAL  DESIGN,  ADDITIONAL  MmOATI^^  MEASURES  ARE  NEEDED  IN  ORDER  TO  MAINTAIN  THE  REACTOR  SU8CRITICAL  IF  THE  PRIMARY 
VOID  REGIONS.  THE  COLO  AND  HOT  CHANNELS.  ARE  FlUJEO  WITH  WAT  ER  AND  THE  REACTOR  IS  SURROUNOED  BY  WATER  TO  SIMULATE  A WATER 
IMMERSION  ACaOENT.  WHEN  THE  HOT  CHANNELS  ARE  FIU£0  WITH  TEMPORARY  LAUNCH  INSERTS  MADE  OF  HfC.  FOR  EXAMPLE.  THE 
CALCULATED  REACTIVITY  AFTER  IMMERSION  IS  -0.22  OELTA  K>K  0<-EFFECT}VE  « 0 02);  THE  REACTIVITY  PRIOR  TO  IMMERSION  IS  ABOUT  -0.32. 
FOR  THE  UNCHANGED  BASHUNE  DESIGN.  THE  REACRViTY  AFTER  IMMERSION  WAS  0.07  DELTA-K/K.  WHICH  IS  CLEARLY  UNACCEPTABLE.  FOR 
THESE  ESTIMATES,  THEOTANGES  IN  THE  VOID  REGIONS  OF  THE  HOT  FRIT.  COLD  FRIT.  FUEL  BED,  AND  MODERATOR  COOUNG  PASSAGES  WERE 
NEGLECTED.  IT  WILL  BE  POSSIBLE,  THROUGH  AtKMTJONAL  STUDY.  TO  OBTAIN  ACCEPTABLE  RESULTS  WITHOUT  RESORTING  TO  TEMPORARY 
UUNCH  INSERTS  BY  MAKING  OTHER  MOOIFK^^TKWS  FOR  EXAMPLE,  WITH  CHANGES  IN  PITCH  AND/OR  MODERATOR  HYDROGEN  (XJNTENT, 
BALANCED  BY  DECREASES  IN  PARTICLE  URANIUM  CONTENT  AND/OR  ENRICHMENT.  IT  WILL  BE  POSSIBLE  TO  OBTAIN  A MORE  NEUTRONICAaV 
OPTIMUM  INITIAL  CORE  CONDITION.  SUCH  THAT  THE  WATER  IMMERSION  WIU  RESULT  IN  EITI  lER  OVER-MODERATION  AND  A DECREASE  IN 
REACTIVITY,  OR  AT  LEAST  A SMALLER  INCREASE  IN  REACnVITY.  THFSF  SAME  CHANGES  Will  ALSO  HELP  MITIGATE  POTEN  UAL  REACTIVITY 
INCREASES  DUE  TO  ANY  EXCESSIVE  HYDROGEN  GAS  DENSITY  IN  THE  CORE  DURING  STARTUP  OR  TRANSIENTS 

BASED  ON  PITCH  TRADE  STUDIES  PERFORMED  USING  DIFFERENT  FUEL  BED  THICKNESSES.  THE  IMPACT  OF  GEOMETRY  CHANGES  ASSCQATEO 
WITH  A LAUNCH  ACCIDENT  (E.G.  DEFORMATION  OR  COMPACTION)  IS  EXPECTFO  TO  BE  LESS  SEVERE  THAN  THE  WATER  IMMERSION.  TflE 
NEUTRONIC  OPTIMIZATION  OlSCUSSED  ABOVE  Wia  SERVE  TO  MITIGATE  THIS  FVENT  AS  VVEU.. 


THE  PBR  IS  DESIGNED  FOR  SAFETY 


• NUCLEAR  CRiTICAMTY 

‘Sulicritlcal  ill  Water  liniuersicHt 
0.82  Heit  using  liot  frit  plu^ 

-IWo  Independent  Shut-down  Systems 
-Recuperator  Prevent  Excessive  Hydrogen 
reactivity  insertion  In  core  (le.no  Iil2) 


• THERMAL  PROTECTION 

-Five  Systems  to  Cool  tlie  Reactor 

IWinltirbopumps  (70  % full  flow  capacity  ea.) 
One  Electrical  Pump  (Approx.  5 % capacity) 
One  Circulation  Pump  (Several  Megawatt  cap.) 
Thnk  Bleed 
Feeii  itimiOpUoa 
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THE  pan  GAN  Or»ERATE  OVER  A WIDE  RANGE  OE  Pf)Wrn  DENSIf  lES  TOR  POWER  DENSITIES  ABOVE  33  MW/t  THERE 
IS  ONLY  A SMALL  IMPROVEMENT  IN  REACTOR  MASS.  THE  KNEE  IN  THE  CURVE  APPEARS  TO  PE  AROUND  20  MW/L  THE 
lower  Inhaust  OAS  temperature  (2500K)  does  not  have  a SKiNiPIGAm’  impact  on  REACTOR  NMVSS  BUT  WILL 
impact  PERPORMANCE  in  terms  OP  IMPULSE  AND  THEREFORE  HYDROGEN  TANKAGE  THE  LOWER  CHAMBER 
PRESSURE  REACTOR  {1000  PSI)  APPEARS  ATTRACTIVE  FROM  A REACTOR  MASS  STANDPOINT.  HOWEVER  THE 
REDUCTION  IN  RiACrOR  MASS  WILL  ALMOST  CERTAINLY  BE  NEGATED  BY  THE  INCREASE  IN  SHIELD  MASS  Sf>^E  THE 
VESSEL  IS  LARGER.  THE  KEY  FEATURES  OF  THE  33.  20  AND  10  MW/L  REACTORS  ARE: 


SCALABILITY-  Power  Density 


oDed  fewer  Density 

3T 

20 

to 

MW/I 

• Reactor  Poxver 

1,560 

1.560 

1.560 

MW 

oThnisf 

75.000 

75.000 

75.000  lb 

« Reactor  Mass 

2.420 

2.779 

3.687 

Kg 

oIVW  (reactor  mass  «nty> 

14 

D 

9 

•Otiitrt  (>as  Temp 

7.700 

7.7m 

7.700 

K 

• Fuel  Volume 

48 

79 

157 

liters 

• Propellant  Flow  Rate 

37 

37 

37 

Kg/s 

• Number  of  Fuel  lilemcnis 

36 

60 

60 

• Vessel  Diwnclcr 

ion 

106 

119 

cm 

o Reactor  Fueled  Length 

07 

92 » 

92* 

cm 

* en«raopool  • Batxiock  A Wilcox 
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SCALABILITY  - 


iTM 


V/ 


©Thmst 

75,000 

40,000 

25,000  lb 

©Reactor  Power 

1,560 

832 

520 

MW 

©Ri^clor  Mass 

2,420 

1,301 

1,160 

Kg 

©'I7W  (reactor  mass  only) 

14 

14 

10 

©Outlet  Gas  lemp 

2,700 

2,700 

2,700 

K 

©Fuel  Volume 

48 

25 

20 

Liters 

©Propellant  Flow  Rate 

37 

20 

12 

Kg/s 

® Number  of  Fuel  Elements 

36 

18 

18 

©Vessel  Diiuneler 

100 

78 

76 

cm 

m Reactor  ImicIcJ  Length 

02 

66 

66 

cm 

• Energopool  * Babcock  & Wilcox 


The  PBR  is  Scalable  with  Thrust 

Reactor  Mass  (kji^) 


♦ Energopool  • Babcock  & Wilcox 

>i£riajffr  f- 


NP-TIM-92 


319 


NTP;  System  Concepts 


IH£  FUEUS  nJEJjJBElS  KS^TECHMQLOQY 


THE  PARTtCLE  BED  REACTOR  IS  UNIQUE  BECAUSE  OF  THE  FUEL  FORM.  ITS  SMALL  SIZE  MEANS  THAT  It  IS  COMPLETELV 
"PRE-ORACKEO*.  THE  DIAMETER  OF  THE  FUEL  PARTICLES  ARE  NEARLY  AS  SMALL  AS  THE  MANUFACTURI^  PRCK3ESS 
WILL  ALLOW.  OVER  10  MILLION  PARTICLES  ARE  CONTAINED  WITHIN  EACH  OF  36  FUEL  ELEMENTS.  SECAUSE  THE  FUEL 
PARTICLES  ARE  SO  SMALL  THE  STRESSES  WITHIN  THE  PARTICLES  ARE  REDUCED  AND  THEREFORE  THE  REUA0ILITY 
IS  IMPROVED.  HIGHLY  STRESSED  FUELS  FORMS  WILL  FAIL  DURING  OPERATION. 

THE  PHYSICAL  ARRANGEMENT  OF  THE  FUEL  BED  IS  BENEFICIAL  IN  TERMS  OF  FISSION  PRODUCT  RETENTION.  THE 
OUTSIDE  SURFACE  OF  EACH  FUEL  BED  WILL  OPERATE  AT  MUCH  HIGHER  POWER  DENSITY  THAN  THE  INSIOE  SURFACE 
OF  THi  BED.  THE  FISSION  EFFICIENCY  OF  THE  INNERMOST  PARTICLES  IS  NOT  AS  HIGH  BECAUSE  THE  THERMAL 
NEUTRONS  (WHICH  WERE  THERMALI2ED  BY  THE  MODERATOR)  DO  NOT  PENETRATE  FAR  INTO  THE  BED.  TO  INCREASE 
THE  EFFICIENCY  OFTHE  BED  AND  REDUCE  THE  "BLACK  NESS".  THE  BEDS  ARE  MADE  AS  THIN  (RADIALLY)  AS  POSSIBLE. 
IN  FACT,  THIS  SO>CAaEO  SELF-SHIELDING  IS  TO  A URGE  DEGREE  WHAT  DETERMINES  THE  NUMBER  OF  FUEL 
ELEMENTS  IN  THE  PBR  REACTOR.  SINGE  THE  OUTER  PARTICLES  ARE  PRODUGINQ  THE  MOST  POWER  THEY  ALSO 
PRODUCE  THE  MOST  FISSION  PRODUCTS.  THE  BENEFIT  OF  THE  PBR  IS  THAT  THESE  OUTER,  HIGH  POWER  PARTICLES 
ARE  ALSO  THE  COOLEST  SINCE  THE  COLD  GAS  COOLS  THEM  FIRST  AS  IT  MOVES  RADIALLY  THROUGH  THE  BED.  THE 
HIGH  DIFFUSION  RATES  TYPICAL  AT  HIGH  TEMPERATURES  WILL  BE.  TO  A GREAT  EXTENT,  HALTED  BY  THE  REUTIVELY 
COOL  PARTICLES.  ADDITIONAL  FISSION  PRODUCT  RETENTION  CAN  EASILY  BE  DESIGNED  INTO  THE  PARTICl^  IN  THE 
FORM  OF  BUFFER  UYERS  OF  OtHER  COATINGS.  THE  TRADE  IS  THE  FISSION  PRODUCT  RETENTION  CAPABILITY  VS  THE 
URANIUM  LOADING  OF  THE  PARTICLE. 

FINALLY,  THOUSANDS  OF  INDIVIDUAL  PARTICLES  CAN  FAIL  WITH  LITTLE  OR  NO  EFFECT  ON  REACTOR  PERFORMANCE 
WHEREAS  MONOLITHIC  FUEL  FORMS  MAY  NOT  DEGRADE  SO  GRACEFULLY. 


THE  FUEL  IS  THE  NTRgsKEY  TECHNOLOGY 


FUEL  FORM  AND  ARRANGEMENT  FAVOR 
FISSION  PRODUCT  RETENTION 


® PBR  FUEL  FORM  IS  ATTRACriVE  BECAUSE: 

« l>esign  options  permit  reduction  of  fission  product  retention 
with  additiona!  coatings 

- Individual  particle  failure?  have  little  or  no  efiect  on  reactor  performance 

- Particles  have  low  thennai  gradients  (small  size) 
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CONCLUSIONS 


THE  RESULTS  OF  THIS  WORK  INDJCATES  THAT  THE  PBR  DESIGN  MEETS  ALL  THE  NASA  REQUIREMENTS.  THE 
RECUPERATED  PBR  APPEARS  TO  BE  WELL  SUITED  FOR  THE  SEI  MISSION.  THROUGHOUT  THE  DESIGN  PROCESS,  TRADES 
WERE  PERFORMED  TO  FIND  APPROPRIATE  BLENDS  OF  SAFETY.  RELIABlLlty  AND  STRONG  ROBUST  COMPONENTS.  VERY 
FEW  OPTIMIZATION  STUDIES  WERE  PERFORMED  TO  EXCEED  THE  PERFORMANCE  REQUIREMENTS  BUT  IT  IS  BELIEVED 
THAT  SIGNIFICANT  GAINS  CAN  BE  ACCOMPLISHED  FROM  SUCH  OPTIMIZATION.  THE  PBR  TECHNOLOGY  APPEARS  TO 
BE  CAPABLE  OF  VERY  HIGH  PERFORMANCE. 


CONCLUSIONS 

The  PBR  Design  has  been  SnccessfnUy  Adapted 
for  the  SEI  Mission 

® High  PeiTomiancc  (with  mass  penalties) 

® Throttling  Capability  ( »4:  i ) 

® Superior  Decay  1 leal  Removal  System  . 

® Integrated  into  Practical  Hngine  Design 
e High  Reactivity,  Control  and  Safety 


Ga^CdRP 
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CIS  Engine  Design 
Don  Culver 


Oiir  CIS  engine  concept  Is  best  summarized  by  including  the  rationale  behind  the  selection  of  each  ma|or 
subsystem  concept  or  operating  parameter.  2900  K mixed  mean  reactor  outlet  gas  temperature  Is  selected  to 
meet  the  4.5  hour  life  requirement  with  an  appropriate  margin  by  the  end  of  fuel  assembly  development.  The 
engine  design/operating  selection  of  300:1  nozzle  area  ratio  and  nozzle  inlet  pressure  of  2,000  psia  Is  the  result  of 
a Mars  mission  payload  trade  study;  It  gives  the  best  combination  of  engine  specific  Impulse  and  weight.  A 
recuperated  turbopump  drive  cycle  was  selected  for  several  reasons:  (1)  nozzle  Inlet  pressures  of  1000  psIa  and 
above  are  enabled  by  recycling  topping  heat  through  the  turbine,  and  no  reactor  manifolding  need  be  added  to 
extract  turbine  drive  heat  directly  from  the  core,  (2)  engine  start  and  shutdown  transients  are  smoothed  wid 
assisted  by  the  large,  available  heat  capacity  of  the  high  surface  area  recuperator,  (3)  tfie  steel  heat  exchanger 
adds  no  weight  to  the  engine,  because  Its  weight  Is  determined  by  its  other  duties  as  the  forward  closure  of  the 
reactor  vessel.  An  aft  core  support  structure  was  selected,  because  It  has  been  shown  by  test  that  CIS  fuel 
assembly  life  is  superior  when  held  In  compression.  A single  DeLaval  nozzle  Is  selected  that  is  Internally  cooled 
with  hydrogen*,  no  hydrogen  bleed  Is  necessary,  because  our  formed  platelet  nozzle  operates  with  low  Internal 
wail  temperatures  at  high  heat  fluxes.  A 40  Kibf  nozzle  of  similar  design,  material  and  coolant  Is  now  In  test  at 
NASA.  The  nozzle  Is  small,  because  of  the  engine's  high  operating  pressure,  and  we  use  a low  weight,  carbon- 
carbon  nozzle  extension.  Its  surface  may  be  converted  to  ZrC  to  Improve  Its  life  In  hydrogen  environment,  using 
noar  term  technology  processes  simitar  to  those  In  work  at  Aerojet,  however  this  fs  probably  unnecessary, 
because  total  surface  recession  In  4.5  hours  of  operation  Is  expected  to  be  less  than  0.025  In.  (0.64  mm).  A 
borated  ZrH  and  LiH  neutron  shield  is  located  within  the  reactor  vessel,  between  the  core  and  recuperator/gamma 
shield.  It  Is  cooled  by  propellant  flow  in  steel  wafers  located  between  Its  many  transverse  layers. 


Design  Rationale  for  NTRE  With  CIS  Reactor  is  Clear 


Design  Parameter 

1 H2  Mixed  Mean  Outlet 
Temperature  (2,90QK) 

2 Pc  (2,000  psia)  1 

3 Ae/At  (300)  > 

4 Power  Cycle  (Recuperated) 


5 Core  Support  (aft)) 

6 Nozzle  (Single  DeLaval) 

(H2  Cooled  Without  Bleed  Flow) 
(OC  Extension) 

7 Neutron  Shield  (Internal) 


Rationale 

Expected  4,5  Hours  Fuel  Life 
(Demoed  > 1 Hour  at  3000K) 

Best  Mars  Mission  Performance 
With  Reusable  Engines 

• Enable  High  Pressure  With  Simple  Reactor 

• Enhances  Transient  Operation 

• No  Weight  Penalty  (7  Shield) 

Optimum  With  CIS  FAs  (Test  Data) 

Near  Term  Technology  Use 
(Formed  Cu  Piatelel) 


Lowest  Weight  and  Risk 
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Reactor  gas  outlet  temperature  for  our  CIS  engine  was  selected  by  analyzing  fuel  assembly 
in*reactor  test  data.  Fuel  assembly  tests  demonstrated  lifetimes  of  4000  hours  at  gas  outlet 
temperatures  averaging  2000  K and  lifetimes  of  4000  seconds  at  gas  outlet  temperatures 
between  3000  K and  3100  K.  An  Arrhenius  law  study  was  applied  to  the  data  to  predict  ftfetimes 
at  other  outlet  temperatures.  This  work  showed  that  fuel  assembly  lifetimes  of  4.5  hours  had 
been  demonstrated  at  mean  outlet  gas  temperatures  of  about  2800  K.  In-reaclor  tests  did  not 
terminate  with  destroyed  fuel  assemblies,  however,  and  Russian  scientists  have  estimated  the 
lifetime  demonstrable  with  a three  to  five  year  fuel  assembly  development  program  to  be  about 
2.8  hours  with  3000  K outlet  gas  temperature.  Arrhenius  analysis  shows  this  corresponds  to  a 
4.5  hour  life  at  gas  temperatures  above  2900  K.  Thus,  2900  K nozzle  Inlet  temperature  was 
selected  to  provide  the  greatest  mission  benefit  within  current  NASA  life  requirements. 


CIS  Fuel  Life  Is  Expected  to  Be  4.5  Hours  at  2900”K 


H2  Gas 

Minimum 

Achieved 

Maximum 

Achieved 

Life  Expected 
in  3-5  Years 

Tc.  "K 

Life  fHoursI 

Life  (Hoursi 

(Hours) 

3200 

0.400 

0.700 

1.000 

3100 

0,655 

1.111 

1.637 

3000 

1.111 

1.820 

2.778 

2900 

1.954 

3.100 

4.855 

2800 

3.579 

5-470 

8.948 

2700 

6.856 

10.08 

17.14 

2600 

13.80 

19.45 

34.50 

2500 

19.40 

39.57 

73.56 

2400 

66,67 

35.40 

166.7 

2300 

162.4 

197.1 

406.0 

2200 

428.7 

490.7 

1,072 

2100 

1,242 

1.333 

3,105 

2000 

4,000 

4.000 

10,000 

Tc  at  4.5  Hours, 

2,764 

2,830 

2,914 

K 

8,574  X 10'« 

3,709  X 10-7 

8.574  X 10-8 

X 

49,132 

46,160 

49,132 

Life  - (Arrhenius  Law  ) 
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The  CIS  engine’s  turbopump  Is  powered  by  a lopplfig  cycle  so  that  ho  Specific  Impulse  IS  lost  througlt 
turblhe  exhaust  overboard  bleed  floWa.  In  f hie  power  cycle  reector  heat  that  Is  deposited  In  ^gltiO  cOhipOriehls 
(Snd  must  be  removed  continuously)  Is  removed  by  the  hydrogen  propefiaht,  heatitig  pump  dtScharge  ftow  to 
er^rUy  levels  high  enough  to  drive  the  turbines.  About  9%  of  the  reactor  heat  Is  rethoved,  duect^  Of  Ihdlrectly# 
frOht  the  engine's  nozzle,  moderator,  retlector,  pressure  vessel,  and  radiation  shields.  Mowever,  abouf  of  ttie 
reactor  heat  is  needed  to  drive  the  engine  to  a nozzle  Inlet  pressure  Of  2000  pSla  with  adeciUaie  (10%)  pOWOf 
cOhtfol  tnarglh  and  reasonable  operating  conditions  for  all  engine  components. 

the  power  CyCte  requires  a liquid  Hydrogen  pump  discharge  pressure  of  4900  psls.  We  have  eieCtOd  10  tiCe 
two  lOjOOO  horsepower  lurbopumps  In  paralief.  About  1/6  of  the  tofai  fiOW  (10  Ib/sec)  coots  the  copper  liozZie  to 
area  ratio  to.  The  baiahce  of  the  hydrogen  Is  heated  to  turbine  Intel  cOhdltlonS  In  the  high  pressure  sltie  of  ihe 
recOporStor  (heat  exchanger).  The  turbine  thlel  temperature  IS  about  050  H (470  K)«  end  the  turbine  pressure  ratio 
Is  less  lhah  1.6.  turbine  exhaust  flow  Internally  cools  the  walls  of  the  reactor  vessel  and  iOtriS  With  Ihe  nOZzIC 
Coolaht  flow  at  the  aft  end  of  the  reactor  core,  here,  the  77S  ft  (430  K)  flows  |olii  and  cOof  thS  liiOdefator  rOdS  and 
side  well  neutron  reflector  with  parallel  flows,  exiling  at  about  1150  It  (40  K).  these  gases  refotn  arid  100%  of  the 
propetlant  flows  through  the  low  pressure  side  of  the  recuperator,  there  It  loses  Over  670  H (070  K)  fehlperature 
io  Ihe  high  presSurS  flow  for  turbine  drive  power.  The  cool,  recuperator  outlet  gas  is  dtstrlbuted  10  the  102  fuel 
assembly  Inlets  via  the  Internal  neutron  shield.  Fuel  assemblies  provide  about  93%  Of  the  reiCtor'S  1050  MW(t) 
power  to  the  propellant,  so  that  Its  maximum  exit  temperature  Is  5220  FI  (2900  K)  at  a presitlrO  of  2000  psIa.  this 
gas  nows  through  the  OeLaval  rocket  nozzle  to  space. 


CIS  TOC  Recuperated  Topping  Cycle  Flow  Schematic 


JlispiciJiET 


USSR 
2719  psIa 
01.5%  now 


USSR 
2719  psia 
18.5%  flow 


QmoCt5.3n^^  \ _ Orel  (1.2%^.! 

[ MOgERATOR  | ) JEFLECTOR | 


I NOZZLE 

80  R J 
4947  pdia 
15%  tiow 


779  H 
2954  psia 

V ' 

Qpv(0.3%)'^. 

1 782R 

2954  psia 

772  n 
2954  psia 

1 PRESS,  vessel  J 

i 760  H 
I 3042  psia 

1 TyRBflE J 

844  n « 

QnM(2%f^ 

4800  pala 
04%  How 

nECUPEnAtOR 

QinsfOJ*^ 


115511 
27 19  psia 
100%  flow 


483  R 
fsia 


r~PUMP_ 

32.4  n 4 
32.3  psia  * 
100%  flow 


499  R 

Qfa  (92.2%)^.  f 2542  psia 

I CORE  I 
1 5220 R 

^ Pcs2QdO  psia 
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The  CIS  engine  flow  scheme  begins  with  two  parallel  turbopumps.  Pump  discharge  flow  splits  Into  two 
streams;  the  smaller  one  cools  the  copper  nozzle  Ihrough  internal  passages  as  In  a regeneratlvely  cooled  nozzle 
for  blpropellant  rocKel  engines.  The  nozzle  support  Is  cooled  by  a smalt  portion  of  this  flow.  The  larger  pump 
discharge  flow  enters  the  center  of  the  recuperator/gamma  shield  located  at  the  forward  end  of  the  reactor 
vessel,  distributes  to  thousands  of  parallel  flow,  high  pressure  passages,  and  flows  radially  outward  to  a 
peripheral  manifold.  This  heated  hydrogen  gas  flows  to  and  through  Ihe  turbopump’s  turbine,  the  exhaust  being 
routed  to  an  Inlet  manifold  on  the  alt  section  of  the  reactor  vessel  wall.  This  flow  cools  the  wall  Intemally  as  H 
moves  all  to  Join  the  nozzle  coolant  at  the  aft  core  support  structure.  100%  of  the  propellant  flows  Ihrough  this 
structure,  cooling  It  and  the  aft  peripheries  of  the  102  fuel  assemblies.  Propellant  is  metered  forward  from  the 
support  structure  Uirough  the  reactor’s  moderator  and  reflector  sections  In  parallel,  collecting  In  a plenum  at  the 
forward  end  of  the  core.  Here,  gas  flows  radially  outward  to  cooling  channels  In  the  forward  section  of  the 
reactor  vessel  wall.  Propellant  flows  forward  to  tlie  periphery  of  the  recuperator,  where  It  enters  low  pressure, 
radial  Inflow  heat  exchanger  passages.  Cooled  hydrogen  leaves  the  aft  face  of  the  recuperator’s  center  and 
distributes  axially  through  the  two  layers  of  the  plBie>type  neutron  shields.  Propellant  flows  radially  outward 
through  these  shields  inside  of  metallic  platelets  to  discharge  at  the  Inside  wall  ot  the  reactor  vessel.  Hydrogen 
flows  to  the  fuel  assembly  Inlet  plenum  and  Into  the  102  inlets,  where  it  Is  heated  to  maximum  temperature  and 
flows  aft  Into  the  rocket  nozzle  Inlet  and  through  the  nozzle  to  space. 


NTRE  Flow  Scheme  With  CIS  Reactor 


LH2  Inlet 
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CIS  Engine  Layout 


mi 

(81^ 


30^.1 

(7674) 


104.0 

1(2642) 


171.1 
I (4346) 


0 88.5 
(2247) 


Thrust,  Ibl 

75000 

Chamber  Prossure,  pala 

2000 

Nozzle  Area  Ratio,  Ae/At 

300 

Engine  Specific  Impulse,  sec 

959 

Mars  Mission  Specific Impulse,  sec 

930 

Engine  Total  Weight,  Ibm 

15900 

Thruet/Welghl 

4.7 

Engines  per  Vehicle 

2 

Payload  Returned  to  Earth,  Ibm 

47067 

£ngInoJ(7filgM.BR^^ 

Component 

Weight,  ibm 

Uncooled  Noizle 

^2 

Cooled  Nozzto 

965 

Pressure  Vessel,  Reactor  Manifolds  & CSS 

2536 

Reactor,  Reactor  l&C 

6613 

Turbopump  AssembUes  (2) 

410 

Recuperator  / Shield 

2425 

SecofKiafy  Shield 

642 

PlumbIngiVaWas 

1320 

Controls  and  Shielding 

758 

Stage  Power  & Heat  Removal  Sye  Wt,  Ibm 

2000 

Engine  wUh  Power  Sye  Wt,  lbin 

17900 

Mara  Mission  Specific  Impulse,  esc 

949 

Payload  Returned  to  Earth,  Ibm 

52929 
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CIS  Reactor  Design 
Richard  Rochow 
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Reactor  Design  Summary 

- Heterogeneity  of  the  Core 

- Average  Specific  Power  Density  in  FE  - 20  MW/1 

- Fuel-Elements  Twisted  Rods  on  the  Base  of  Solid  U-Zr-Nb 
Carbide  Solutions 

- Neutron  Moderator  - Zirconium  Hydride  Rods 

- Controls  - 18  Drums  in  Reflector 

and  1 Rod  in  Core 

- 7 Safety  Rods  In  Core  Against  Water  Filling  Accident 

- Reflector  - Be 

- Internal  Shielding  - ZrH(B);  LiH, 

Recuperator  Steel 
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Main  Characteristics  of  NR£  Reactor 


Thermal  Power,  MW  1 650 

Neiitron  Spectrum  therniM 

Average  Exit  Temperature  of  Propellant,  K ^900 

PropMlant  Pressure  in  Noizle  Chamber,  bar  1 36 

Propellant  Flow  Rate,  kg/s  35.4 

Reactor  Dimensions,  mm: 

- Diameter  idso 

- Height  ffnciudlng  inner  shielding)  21 00 

Mass,  kg  5800 


Core: 


HRE  Reactor  Components  Mass  (kG) 


- PAs 

1^50 

~ Moderator 

710 

Reflector 

800 

Inner  Shielding 

o Zirconium  Hydride 

430 

- Lithium  Hydride 

120 

- Recuperator  Material  (Steel) 

1100 

Rotating  Drum  Drives  (18) 

360 

Safety  Rod  Drives  (7) 

80 

supporting  Structure 

300 

Pressure  Vessel 

850 

Total 

5800 

M9I*' 


CIS/NTRE  Cross  Section 
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ORIGIf^L  PAGE  IS 
OF  POOR  QUALITY 


Main  Core  Parameters 


NP’nM-92 


235U  Loading,  kg 

14.1 

235U  Enrichment,  % 

90 

Average  Specific  Power  Density  in  FE,  MW/filer 

20 

Non-Uniformity  Power  Release 

- With  the  Core  Radius 

1.2 

- With  the  Core  Height 

1.2 

Thermal  Neutron  Flux  Density,  cm’^.S'^ 

1,6x10^5 

Core  Dimensions,  mm 

- Diameter/Height 

750/1000 

CIS/NTRd  Reactor  Cross  Section 


‘ CDhlrol  [Irufii  1 I8J 


Fvjf  I %?emblv*  KC)  / S(il<?!y  flod(6| 

} 


I C-on^  r n 1 ’ >*»  f <>  t y Hf(d  ( I 1 
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OF  POOR  QUALiTY 


Fu&}  Assembly  DeScrt^tlbn 


Max.  FA  Thermal  Fbwer 
FE  psr  FA 
Pressure  Drop 
Max.  Mass  FlowTtate 
FA  DImehsIbns,  mm: 

- Fuel  Bundle  Length 
~ Fueled  Length 

- Bundle  diameter 

- Overall  Length 

- Overall  Diameter 
Mass 


Uptoll2Mvy 
356 
40  bar 
0.42  kg/S 

IdO 

idoo 

45 

15d0 

55 

12  kg 


1 


f 

Fuel  Assembly  Performance  Exceeds  Engine  Requirements 


KTP: 


Required  PerlormancO  Parameters 


qv 

Pro- 

No. 

TH2, 

Is 

5T/6t 

MW/L 

peflant 

(Start) 

Aerojet 

Engine 

2900> 

3000 

1000 

26 

M2 

1...2 

InPite 

Tests 

3000- 

3150 

1500 

-400 

25 

Vt2 

3 

Max. 

Parameter 
Values  i 
(in-Reaclor) 

3100 

4000 

Up  to 
1000 

35 

H2 

12 

t 


IV(3-1  Performance  Parameters 


Startup 

TH2.  “K 

Is 

6T/8t 

qv 

MW/L 

Pro- 

pellant 

Power. 

MW 

1 

3170 

~600 

100... 

150 

-22  5 

M2 

4.74 

2 

3110 

-500 

gp 

-22.5 

H2 

4.81 

3 

3030 

-500 

100... 

150 

-22.5 

H2 

] 

4.05 

System  Cohocpts 


No  Fuel  Technology  Improvements  Required  | 
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Fuel  Element  Description 


Composition 

UC  + ZrC  + NbC 

Max.  Fuel  Loading  of  tJ 

Up  to  20% 

Enrichment 

% 

90% 

Max.  Design  Temperature  (at  Hot  End) 

3500  K 

Operational  Temperature  (at  Hot  End) 

- Average 

2950  K 

-<  Maximum 

3t00K 

Average  Power  Density 

- in  FE 

20kW/c1Sii^ 

- in  FA 

12kW/cm3 

Amount  FA  Tested  at  H2  Above  2,900  K 

More  than  10,000 

* 

Fuel  Element  Heating  Bundle  From  IVG  Reactor 


NP-TIM-92 


EenCorp 
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Reactivity  and  Control  Characteristics 


1.  Maximum  Reactivity  Margin,  % AK  4.2 

2.  Reaetivity  Effects,  % 

- Doppler  Effect  and  Effect  of  Moderator  temperature  -1 .0 

- Hydrogen  Filling  Effect  +0.6 

- Fuei  Rurn  Up  Effect  (Gompensated  by  Burning  Poisons)  -0.4 

- Water  Filling  Effect  +7.4 

3.  Control  System  Efficiency,  % 

- 18  Drums  3.0 

- 7 Safety  Rods  In  “dry”  Reactor  18.7 

- 7 Safety  Rods  in  “wet”  Reactor  8.3 

- Central  Rod  (in  fuUction  of  regulator)  2.7 

4.  Poisoning  Material  of  Controls  B4C 


GenCorp  , Energopool  • Babcock  & Wilcox 


AERQJET/ENEUGQFOQL/B&W  NTRE 
NASA  LeRC  Final  Report 


Prepared  by  R.F.  RochoW 
Babcock  & Wilcox,  ASE 

Oct  23, 1992 
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CIS  CAPABILITIES 


NUCLEAR  REACTORS 

• IVG-I  3100K,240MW 

• IRGIT  2650K,  60  MW 

• IGR  3I00K,  3SMW/1 

• Critics]  Resctoi^ 

• Siiidiiii^  I'cst  Reactors 

• Matcriflis  lest  Reactors 

V j 


MANUFACTURING 
_ __ 

• Fuel  Line  2Cores/yr 

• insulating  Matrs  ZrC^bC 
« Bulk  Fabrication  ZrH,  LifI 

• Single  Crystal  Technology 

V y 


NRE  for  IVlars 


DESIGN 


» 250,<i00  Man-years 
of  NRF  Design/Test 


► 30  Years  Experience 


TEST  FACILITIES 

• llaikall  lYG-MRGIT 

• Piasmatron  100  MW 

• Creep  Test  Rig  200  kW 

• Corrosion  Tester  250  kW 

• Failure  Mode  Rig  100  kW 


GenCDRP 


* Energopoo|  • Babcock  & Wilcox 


CIS  REACTOR  DKSIGN  PHILOSOPHY 

• Heterogeneous  Core 

y 

• Solid  Carbide  Sdlulion  "twisted  ribbon"  Fuel  Elements 

• Zireonium  Hydride  Moderator  Rods 

• ZrH(B)  and  Lill  Internal  Shielding 

• Core  Support  at  Mot  End 

• 12  MW/I  Ave.  Fuel  Bundle  Power  Density 

* Energopool  • Babcock  & Wilcox 
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• Efiergopool  • Babcock  & Wilcoxj 
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RI:AC  l OK  SUMMARY:  KEY  SPECS 


• kViKUOI  I’.JVVfJ 

I.6S  (iW 

« ! luust  (2U0  1 

7fi,OOOU) 

• (ias  Ondri  Jrmp  (irjHjM}  ut*  jm  ) 

7.‘;n0  K (4..,Ml)l  J 

• Pfoprllani  M(»w  k ui 

7t)  l b/sce 

♦ Spot  idc  Uivpulsr 

MV)  seri)j\vls 

• I'licl  C'omposnum 

(U,Nh,/r)C 

• I'upi  P'oim  {■'  1'w‘sUmI  KiMujir  ) 

lUOx  1 .fix  1 0 inn>  Appm 

♦ IhicI  Hmuiit  INiwcf  D'-nsUv  lnvrl 

12  MW/I 

• (.’ore  Powt  r DnisHv 

A7  MW/I 

• i iicl  Volume 

IC2  I l i e I S 

• Number  AssemhiK  s < 1 l*‘mrnis| 

102 

♦ Safely  Slmi  lown 

fi  Salely  Rods 

• Vessel  I >iat)uM<‘i 

I .OS  iMcrefs 

• Rcaclor  Purled  l,eup!)i 

lOOem 

♦ Kearlof  M 'ss  Cuj  tc\  m|);  '.lur|;luip| 

4.1  sn  kpi’M  do 

IP 


’ Energopool  - Babcock  K Wilcox 
SystiSiil^nSiitk  ^ M 


N}>  HM  «j; 

ORJQIf^lL  pj^Q^  jg 

OF  POOR  QUALITY 


l.tJF.1.  KLEMENT  l>KSK;N  HASIMtN  MgINBD 


BS4Q1RP 

>icPtajST 


r 

A^toW^la■PCM^MS^^ 

Carbides 
C4irb0nitrid€S 
W,  Mo,  Re 
U'ruph(«r  Carbidts 
^articles  (I-H  mm  Oiui 

MOKK  THAN  10.000  TVyLSllJ)  RIBBONS!  TJESim 


DEMONSTRATUD 


Fiid  Element  Specifications 


(^Hiiposition  (U,Zr,Nb)C 

Max.  Uranium  l.oadinp  20% 
Itnrichmciit  W % 

Max.  Design  Temp.  3,500  K 

Max.  Operating  Temp.  .3,100  K 

Power  Density: 

■ in  Fuel  Element  20  MW/1 

in  Fueled  Volume  12  MW/I 


Energopoot  • Babcock  & Wilcoxj 


FUEL  ASS 


33101 


ILY  PPSIGN  jaAS  KEEN  REIIHED 


tT/EL  COMTOSmOW  15  TAILORED 

> axially  and  radially 

- for  mechanical  propemes 

mSULATlQN  ms  BEEH  DEYELOPKD 

~ Monotiiic  NbC  and  ZrC  Utbes  \ 

' Temp  capability  up  to  HX)  K 

- greater  than  50  % porosity 

HUNDREDS  OF  /VSSEMBHES  1 MS  I Kl>  j 

.. 


Ge^CQRP 

N! 


• Energopool  • Babcock  & Wilcox] 

■4  ^5 


HAL  PA0E 


IS 


OF  TOOK  QUALiTY 


Fuel  Assembly  Specifications 


Max.  rhcTniial 

22  MW 

Pressufi‘  Drop  Norn 

40  bars 

Mass  How  (max  ) 

0,42  kg/s 

Mass 

12  kg 

i)imcnsi<ms 

1 iiclcd  Length 

10  in 

1 DianicJei  (buaJic) 

4.S  rnm 

Overall  Length 

15  m 

Ovcv.ill  Diamctcx 

55  nini 

*‘^11*  %\  ,fem  ConcepLs 


Con  I Ml  I (hum  ( IR) 


REACTOR  RADIAL  CROSS-SECTION 


§ 

CvJ 


Xooled 
''  Hozzle 


fuel  Assemblies 


^Press.  Vessel 


_ Control  Rod 
^Contfpl  Drums 
..Ref  lector 


' -Moderalor 
Shi  el  ding 

..necuperot  or 
--^lurKppump  (2) 

'^^Control  Drum  Motor 


Nl?: 
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ORfQJfmi  PAQS  IS 
OF  POOR  QUALITY 


Fuel  Assemblies 
Nozzl e 


Core  Support 
Structure 


Technology  Roadmap 

• Demonstrated  Reactor  teGhnologles 

* technology  Schedules 

Mo)  Dulman 


EhergopobI  cbiifipables  have  tasted  NtRS  fuel  asaembites  In  feacturs  with  hydrogen  outlet 
temperatures  as  high  as  3100  K.  At  the  highest  temperatum  the  assemblies  have  been  tested 
sucOessfully  for  4000  seoonds  Including  13  stalls  Or  thermal  transients,  thermal  transient  rates 
of  about  400  K/seo  have  been  used,  but  a single  start-up  rate  as  high  as  lOOO  K/sec  was 
observed  without  Incident.  Fuel  assemblies  have  been  shown  to  resist  long  duration  vibration 
and  high  impact  loads  without  critical  damage.  Fuel  power  density  has  been  demonstrated  10  2S 
Watl/iiter,  or  about  10  Watt/liter  of  fuel  bundle  volume. 

Based  on  resutls  to  date,  Russian  sclenifsts  estimate  that  their  fuel  assemblies  will  be  able  to 
demonstrate  better  performance  and  life  within  a 3 to  S year  demonstration  program.  3uch 
improvements  can  lead  to  higher  performance,  lower  weight,  longer  life,  rocket  engines. 


Russia  Has  Fuel  Flenients  and  Fuel  Assemblies 
for  NRE  Reaetor  and  Plans  to  Improve  Them 


^"■‘"'--.^^^ReactOrs 

Parametei?"''--.^ 

NERVA 

IGV-1  6n<i  IGt!l  1 

Herva  Reactor 

Achieved 

Expected  iri>5  VeaCB 

Future 

Hydrogen 
Temperaturei  °K 

^so 

3000 

Specific  impulse,  S 

B50 

676 

»iooo 

Ule«Tlmej 

Seconds 

3600 

4^alh 

TifloSo^K** 

M0,000o  In 

Hydfogsnat 

Ts3000°K 

^30,000  sin 

Hydrogen  +8C 

atT2  2fl00°K 

Power  Density, 
Mw/Litre 

2.$ 

25 

40 

eo 

H2  temperature 
transient,  ®K/sec 

400 

>-1,000 

Humber  of 
Staris-Ups 

12 

12 

20 

Vlbro-Strength 
g^requency  (Hzy 
Testing  time  (h) 

16/  Up  to 
3 KHz/50  hrs 

Impacts,  g 

300 
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Russians  have  developed  several  families  of  high  temperature  nuclear  fuel  and  have  tested 
them  in  many  %rays  in  material  laboratories,  nuclear  reactors,  and  in  hot  cells  for  post-irradiation 
properties.  Carbide  fuels  have  demonstrated  the  highest  temperature  capabilities  with  good 
material  properties.  U,  Zr,  Nb  trlcarblde  alloys  are  selected  for  NTRE  fuel,  the  exact  composition 
depending  on  core  location.  Low  uranium  concentration  Is  used  In  the  highest  temperature,  aft 
fuel  bundles,  and  in  the  center  oMhe  core  to  flatten  the  radial  power  distribution  profile.  The 
favored  geometry  of  Individual  fuel  elements  Is  that  of  thin,  twisted  strips.  Coatings  of  carbides, 
nitrides,  carbonitrldes  and  pyrocarbon  mixtures  of  tungsten,  molybdenum,  and  rhenium  have 
been  developed  and  tested  for  corrosion  resistance  and  thermal  strength  characteristics. 


Fuel  Element  Rods  Have  Been  Tested  Thoroughly 


Uud  f iiiil  f Jcmtml 


li!s1  IkuKliUons 


Cssbngs. 
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Engeropool  fuel  assemblies  tor  NTRE  ere  eboi^  a meter  long  an^  30  to  45  min  In  fSlameler. 
The  forwani,  inlet  end  runs  cooler  than  the  rest  of  the  assembly,  and  It  contone  an  ad|uslable 
flow  metering  orifice,  neutron  reflector,  and  thermal  expansion  i^mpItanGe  (bellowat.  The  center 
of  the  fuel  assembly  contains  several  bundles  of  fuef  elements  placed  In  series,  flow  passing 
through  each  sequentially,  so  that  the  hottest  gas  exits  the  aft  end  of  the  fast  bundle.  A gdd 
plate  holds  the  fuel  element  bundles  In  place  and  allows  the  hot  gas  to  pass  through  to  the  outlet 
plenum  of  the  fuel  assembly.  Each  grid  plate  resembles  fuel  bundles,  except  that  the  oarblde 
elements  are  fused  together  and  contain  no  uranium.  Tt^  outlet  plenum  delWers  gas  to  either  a 
OeLaval  rocket  nozzle  or  to  a subsonic  diffuser  (elected  for  our  Mars  engines}.  The  outer 
envelope  Is  metallic  and  hydrogen  cooled  within  the  reactor,  and  It  Is  insulated  internally  with 
several  layers  of  graphitic  material. 


Each  Fuel  Assembly  Is  a Fully  Integrated  Unit 


v3noaoii  coCTAa  rac 


T ypes  and  Parwnelere  of  Furi  jEtonents 


— I* 

a 

S ' 

6»1.0  iZiMfC 
0>1j6  (Zf.HD.U)C 
8»30  (Zr,U)C(C 
(7f.U.N)C 

*g* 

(&,  U)C 
(Ir.  ra,U|C 
o>a.5  ^.uvcfrc 

(Zr.U.N}C 

j 

&>0.4 

»>  1.B  NnCiC 
R.au  iMC 

1 

¥ 

(Zf.UJC 
(7j,NR.tl)C 
0 -0.3  (Zr.U)C*C 

GenCorp  . Energopool  • Babcock  & Wilcox 

>ht£^CXIieT 


1/  li** 


NP-TTM- 


NTT:  Svslein  Crmccnts 


340 


•33.JS 


Fuel  assemblies  have  been  tested  In  the  steady  state  nuclear  reactor,  IVG<1,  both  singly  and 
in  clusters  of  seven  In  hydrogen,  and  under  high  temperature  and  pressure  at  thermal  neutron 
fluxes  above  1 0'*  5 neutron s/cm2-sec. 


Typical  Test  Arrangements  of  Fuel 
Assemblies  in  IVG-1  Reactor 


Obtained  Conditions  of  Tests 


1.  Power  of  1 FA  ^ 1 1 MW 

2.  Temperature  of  Ha  ‘=»3100K 

3.  Power  Density  q *5®**  35.  MW 

4.  Heal  Flux  13  MW/m 

5.  H 2 Temperature  Transient  150“K/s 

6.  Reactor  Starts  Per  Month,  2 

7.  Thermal  Neutron  Flux  *=>  2*  I0*  ® neulrons/cm^  -s 


O 
/ \ 


1 oslod  Ob|ocl. 
IfA 


Tested  Ot^ect: 
Module  of  Active  Zone 
With  7 FA 

U2  Flow  Bale;  1.6  tig/s 
Ffes^ire  of  Hz:  16  MPa 


Hz  Mow  Hale;  OJkofn 
Piessuie  ot  Hp:  14  MPa 


Active  Zone  of  fVG-1 
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Many  reactor  materials  have  been  fahrlcatefl  and  taated  by  inergopoot  in  iahoriitoria9f  In 
reactors,  and  In  posHrradiation  hot  cells.  Striictnral,  neutfon  moderating,  neiitioii  reflecting, 
and  neutron  absorhlng  materials  have  been  tested  to  high  fluxes,  IlMences.  tentpemtures.  and 
immersion  times  In  hydrogen  and  other  media- 


Materials  Testing  Results 


Materials 

Teat  Parameters 

Notes 

Neutrons 

cm^/8 

Neutrons 

cm^ 

T, 

»K 

Ufe-Tfme, 

Hours 

Medium 

Steel  and  Its 
Alloys  <18  Types) 

10« 

3-16“ 

77 . . . 
11Q0 

soo- 

12,000 

Ha.  He 
Vacuum 

Be,  Be-Ai, 

Be  with  Coatings 

2 • lir' 

77... 

1200 

500- 

2,400 

Ho,  He 

HzO 

Vacuum 

During  Some 
Experiments  T s 
«180  Wcm3 

ZrH,ZrH^B, 

LIH 

10>4 

4 • lo’® 
Up  to 
2-10?^ 

400.. 

1,000 

500- 

12,01)0 

He 

Absorbing 

Elements 

io{»  . 

up  to 

2-l(r’ 

600.. 

1,3tX> 

500- 

10,000 

H3,He 

Vacuum 

qmax-7oow/cni3 

" • Enercfopoot  • HnfmueK  vyiicox 
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The  experimental  capability  of  Engeropool  is  rather  complete.  Between  six  companies  they 
have  experienced  analysis,  design,  manufacturing,  and  test  personnel.  Energopool  has  facilities 
that  cover  the  range  of  critical  assemblies,  shielding  Investigation,  material  and  equipment 
manufacturing,  reactor  safety  analysis,  and  many  testing  laboratories.  These  laboratories 
Include  facilities  for  material  investigation  In  pre,  in-pile,  and  post-irradiation  environmerUs,  hot 
cells,  and  a variety  of  research  reactors  for  fuels  Invesligallon. 


NP-TrM-92 


Experimental  Capabilnies  of  CIS  Test  Facilities 

for  Validation  of  NRE  Reactor  Development 

(Carried  Out  Tests) 


GenQirp 
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Summary 
Mel  Butman 
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Our  Integrated  Engines  Provide 

Safety  and  Reliability  • Simple  Thermodynamic  Cycle 

. Integrated  Auxiliaries  Simplify  Propulsion 

- Start  System 

- RCS  (No  Igniters,  02,  Combustion) 

- Electric  Power  and  H2  Refrigeration 

- Four  Core  Cooling  Systems 

. Improved  Engine  Start  (Preheat) 

- No  Thermal  Shocks 

- Enhances  Multiple  Engine  Safety 

- No  LH2  in  Core  (Reduced  Reactivity  Insertion) 

- Thermal  and  Acoustic  Damping 

- Assured  Restart 

. High  Margins  - Long  Life 

- Low  Fuel  Temp  and  Stress  (4600''F) 

- Low  Turbine  Temperature  (400”F) 

- Low  Nozzle  Temperature  (600°F) 

- Low  Moderator  Temperature  (400“F) 

- No  Deep  Thermal  Cycles 


GenQjrp 
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Our  Integrated  Engines  Previde 


Mission  Benefit  • Improved  Mission  Average  Isp 
--  Heterogeneous  Reeotor 

- Greatly  Reduced  After  Cool  l.oss.  Save  » 100  K lb  LH2 
--  LH2  Refrigeration  Ctotlon 

- QMS  Thrust  at  > 700  sec  Isp  (w/o  Pump  Start) 

- ACS  Thrust  at  > oio  sec  Isp 

* improved  Engine  Thrust/Weight 

- High  Power  Density  Reactor 

High  Pc  (Reduces  Shield  and  Nozzle  Size  and  Weight) 

• Operational  Benefits 

Deep  Throttling  (Enables  Multiple  BurnTMl) 

- ~ 100  kWe  Electric  Power/Engine 
Rapid  Restart 


GaMCanp  , Energopooi  • Babcock  & Wilcox 
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Our  integrated  Engines  Provide 


Low  Life  Cycle  Cost 


TRL  4 to  6 for  Maior  Components 

- CIS  Fuel  Developed 

Smaller,  Lower  Cost  Components 

- High  Pc 

- Nozzle 

- Pressure  Vessel 
^ Shield 

High  Pc  Enables  Small  ETF 

- High  Pressure  Storage 

- High  AP  Scrubbers 

Reduced  ETO  Cost 

- Reduced  IMLEO 

^ Smaller  Payload  Bay 

Design  Flexibility  and  Growth  Potential 
Reduces  Cost 

- Recuperated  Cycle 

- Electrical  Power  System 


GbsCesip  • Energopooi » Babcock  & Wilcox 
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LTS/NTR  Design  & Operations  Study 


Pei  (or m an  Evaluation  o(  the  Polonlial  Appltcal  ions  of  a 
Specific  Nuclear  Tliennal  Rocket  (NTR)  Defsign  lo  Past  mul 
Current  (First  Lunar  Outpost)  Mission  Piofile(s)  for  Piloted 
and  Cargo  Lunar  Missions,  and  to  Assess  ffio  Applicniiilily  of 
(Mili/tiig  I unar  Velrirle  Desinn  Cnncepls  lor  Mars  Missions 


-A  ' v'.i'' 


tAtnar  OtbH  & Oireci  Design  Concepts 
Key  Subsystem  & Operations  Sensiimiips 
Mars  Growth/EvoJution  Apptoach 


■f\y  ‘I'p 


NUI  t^rnpiilnioii  I'oi  t imai  Vrliir.lo 
(•f)Mnr»|)!s  Hnsoff  on  T xfslincj  Mission  Proflios 

Dnlinp  nnd  F?l7r?  ttio  Stnqo/I lonslof  Vctiicips  loi 
i til  it  Appllrntions 

Poifntin  an  Opmannnai  and  Pioytatnmnlir 
Assossmon! 

PPi  form  a rhPiiilr.ni/W  I R I unnr  Conoopl 

Couifini  isoii 
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Misdidn  Statem^^ht 


^jpi|f)brt  Exploration  ^ Habitation  of  Ltinaf 
StiHOOe  witfi  con^Uloratlofi  for  avoivabliny  to 

ttmarfOG  200(^2005 

lUtarafdC:  ^05  Cargo  S!db7  Etiotod 


EuiiGtiondl  Reqts 

l.d  Pretaortcfi  Pfoc 

2.0  Launch  Ops 

— lifc 

3.0  transfer  to  Lunar 
. surfade 

4.o  suHaee  ops  

5.d  Earth  Neturn  — 

Systetfi  fleets 


LiifiarOii^t 

Ntsiii  Saturn  VdaMd 
launch  oyatatha 

4 t>ay  trahaft 
Cargd  Mtaaioiif-  m t 
I4ahheh  Misatbh-S  \ 

Lot  opa  itllliUifo  S ago  tcm 
Pm  tu  Diapbaat  aV  ::r  ao  m/a 
f»ost  tdi  diipoaai  aV  = Mi  m/a| 

Sttirf deb  Stay  = 45  Daya 


Ntit  rauae  attttuda  ± Mi  km 

mturn^OOftgtbaarth 

gast  TEI  dispaaai  aV  = lS4jt/a 


Luitar  GM 

SSf  S 135 1 iaunah  ayataiti 
drtly  It  HtLV  Elts  par  inlsalait 
2nd  HLLV  Eft  withm  $ daya 

asaylranaii 

iM  om  Afhthcfa  ± Hfh 

Eoat  TU  dispOdal  AV  s 3d  m/s 
Pm  L01  bBpoaai  AV  s:  86d  m/s 
baUtiar  at  (aas^  s i aatga  & 
craw  at  4 m piioiad  mlaaioo 

Surface  Stay  m 100  bays 

HtH  rausa  aitriuda  ^ sod  am 
HatufuSddagtdaaHh 
Pm  tg  dj#di^  mjk 
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Lutiar  Missidn  Options 


Mission  Case  t ^ HtH  Performs  tU 


luti&f  omn  ihSurtibi 

Eftrth  bfUt  IhbbHtott 

trilbS  Edtth  lni<fctidit 

Traits  Luiiar  liilectton 


Lunar  Orbtl  Intdrilon^ 


tida  drbli  IhsbHIoH 


W 

tranS^iim  tnpclion 


Tratis  tonarinfbrtian 


Mission  case  II  - NtiR  performs  TU  & LOi 


MiSSiOtl  case  1V  - NtN  Performs  TU,  tOf,  TEi,  & EOG 


Llinilir  OiSfl  titsirtl^ 


earth  Orbit  Insertion 


liana  Earth  fnjectlbn 


Trans  Li'ihnr1n|«ctt6n 


Lunar  Olblttlisertioh 


Earth  Orbit  N tsartton 


Trails  Eatth  iii|eclioii 


i fiiiar  intantioii 


Mission  Cass  III  > Ntn  Psiloims  H i,  1 01.  * 1EI 


MU’;  Sysleui  CMBepts 


348 


•••■  ■•‘NP^-92 


Key  Features: 

*NTR  Performs  TU,  LOI,  TEI , and  EOC 
Infrastructure  Requirements: 

•STS  deHvers/retrleves  crew  at  SSF 
•Cab  and  Lander  refurbed  at  SSF 
•Provide  on-orbll  refueling  or  tank  exchange 
for  Lander  & NTR 


Systeiti  Pesigii 


- €xfieTidlil]A0  v^.  Unusable 

0|>%r^kms  CdmivMiy  TooUlfh  Rmis^HNy 
Peilomiance  iMiaitIftttzaUoti  l^hii^a  i^xpi»fidab^ 

Salaty  Concema  liiissbr} 


- Shfeldiiig  Consideratfofid 

H^m^iakStibld 

bisk  $iibta  bptimizas  bbsiaa 
I’ropeliant  alia  tatacags 
lati^r  sinictiire 

- L^tmcti  V^tiibl0  Ctm^lci^rotldtin 

Snailiasl  vatvida  Hacassaty  lo 

t^Ribbia  ^tb  MiSsbii 
iunat  Odiii  naadezvoiis 

Compiate  nessm^te  Lunar  Ai^iieclura 
Usin^  liadiutn  ^zad  Lmine?i  Vahicb 

- Tharinalf^rbl0t:tlQii  ^obsidarab 

Acliva  aafrigairatfon  Tbo  Haavy  for  Benefit  A Abod  klission  If 
failed  WIU  a SOfI 


mmwm 

4-^'yh^ 


' M8tetiA<and<^<^ti6t(^Cdn!sMt^atii(»ns 
Aftnnkiftiifi  Iflliitmt  On  Miedtiie  fov 

fHpblOseOy^bOS 

tsb^ia  OohSlnicikitt  tkmaiising  f oz  ^iiieiurai 
ConSidetatloiiS 

- CmdlguYlKlidfi 

bfnifteirsOftiSter 


- latidbr  Conblderatlonb 

Lunar  Oimct  Mission 

2 Stage  Gryo/Slor^e  fietnoires  Long  Tetvn 
Hydrogen  Storage  on  Orbit 
Lunar  Orbit  Hendezvous 

1 i/2  ^age  Ciyo/Cryo  Oui^erfbrtns  2 Stage 
Landbr  Conslslentfy  in  fast  STV  Studies 


^ r//v  .mM  nr^ 
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Lunaf  Orbit  Rendezvous  ConliauraUons 


I he  charl  below  shows  the  lop  sovon  candidates  ol  Uie  Lunar  Orbit  Mendezvous  confipurntioiis  We 
sfartod  wilti  oiqhloon  possilile  con  llgu  ratio  ns  in  ttus  catagory,  and  ttnoiigli  peif(njiinf:n  runs,  design 
constraints  and  operational  issues.  Uiat  eighteen  was  narrowed  to  ttie  foitowing  seven  The  missions 
that  utilized  a cryogenic  liquid  oxygen  and  liquid  hydrogen  TEl  stage  were  extremely  close  in 
performance  to  those  missions  using  NTR  to  perform  the  1 £t  burn.  Therefore,  it  was  beneficial  to  sfmw 
the  elimination  of  an  entire  technology,  use  of  a I-OX/UI2  stage,  and  to  show  tlrat  a lunar  mission  can 
be  supported  solely  by  NTR  leclinology  Another  criterin  that  oliniinnled  candidates  was  perlorrnance 
at  least  5.0G  tonnes  to  the  lunar  surface  on  a piloted  mission  Also  eliminated  in  the  earlier  phases  ot 
the  study  were  two  HLLV  candidates.  We  started  with  tour  HLLV  candidates;  66t.  1G5t.  1321.  and  1351 
launch  capacities.  We  narrowed  that  lield  to  two  candidates  based  on  past  STV  analysis  showing  ttie 
1321  and  1351  vetMcles  virtually  even  on  porformanco.  Of  the  three  tlial  were  left,  66t.  105t.  135t,  we 
eliiiiinated  the  105t  because  of  study  complexity  and  to  doinonstfaln  tlinl  NMI  can  bo  ulllbod  on  tim 
two  extreme  launch  vehicles  and,  Iheretore.  everything  in  betwrjen 

Three  ol  the  configurations  slrown  below  started  with  a cluster  of  three  25Kfb(  NTH  engines,  but  with 
further  analysis  Ihetr  performance  was  greatly  enhanced  by  going  to  a single  engine  configuration. 
Also,  two  of  the  configurations  are  two  stage  NTR  configura lions  The  first  NTR  stage  performs  the 
TLI  burn  and  is  then  staged  off  to  perform  a lunar  assist  disposal  burn  into  holioccrUric  space  Tim 
second  NTR  stabe  then  performs  tire  rest  of  the  mission  and  is  also  disposed  of  after  the  IFl  h\irn 


I.W.^08C):i  I IM  on  CoiVigs 


Lunar  Orbit  Rendezvous  Configurations  nOn 

■ ■ ■ — ..I-—  iMm 


Stack  Mass 
PerfomanM 

254.75 

2S3.25 

128.56 

265.45 

267.83 

131.73 

261.68 

Piloted 

26.55 

19.55 

7.21 

38.68 

19.35 

5.88 

M.53 

Carao 

47.55 

39.62 

25.66 

61.52 

44.93 

23.69 

60.39 
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Lunar  Orbit  Renitezvous  Configurations 


NTR  Performs  Ttl  and  Disposed 
HW  Performs  TLI  aitd  Reused 


-LOI/TEI 


07.62  m - 
LH2Tank 


Hendozyous 
Sep.  Piaite 


(3)25k-> 

Engfnes 


0 10.00  m 
iH2'rank 


(3^25kJ 

Erigines 


LOf/TEIStaac 


•ihrmi/iii/im 

Ttt  It  Ti  l a 


Cfunponent 

^ f 

. . 

Sinieture 

' a.48 

zm 

, Tankaga 

0.99 

093 

Subsysients 

^ 183 

2^113 

Engine  Sfniehire 

0t6l 

' ®51 

Engines 

080 

080 

CiofiMngancy  ti5%r 

Lt# 

i 112 

i total  0% 

i 873 

8S8 

i Propellant 

4t.t» 

36.31 

^ Total  Wei 

4991 

44.29^ 

m 

»ii 

RTflStage 

Ut^Rose 

A 

Rciise 

^ Compofient  | 

L_n 

t 

■ Stiuctuis 
i Tanftage 
SubSTSleins 
Engjina  Sfructura 
Enginas 
SWeltf 

Cofitkigeney  (15%)! 

total  Of  y 
f^opcUant 
[ Total  Wet 


23.01  7/.2/ 

91.88  116.13 

114.89  143.40 


Lunar  Orbit  Rendezvous  Configurations 

NTR  Performs  TLI,  LOI,  TEI  and  Disposed  - 66t  HLLV  & 135t  HLLV 


■liraXVHlB 


05.18  m - 
LH2tank 


05.18  m - 

LH2Tonk 

1314m 

1—  Rondezvous  & Dock 
Sep.  Plane 


dIO.O  m ~ 
LH2Tank 


NTB  Stage 


Component 

1 

t ^ 

structure 

1.37 

1.95 

Tankage 

3.71 

6.80 

Subsystems 

1.98 

2.87 

Engine  Structure 

0.41 

0.96 

Engine 

3.73 

6.83 

Shield 

1.50 

4.50 

Contingency  (15%) 

1.91 

3.59 



Total  Dry 

14.61 

27.50 

Propellant 

63.73 

123.09 

Total  Wet 

78.34 

150.59 
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Lunar  Orbit  Rendezvous  Configurations 

MTR  Periorms  TLI,  LOI,  TEI  and  HOC  - 1 35t  HLLV 


6^ 


NIB  Stage 


^ Component 

t 

Structure 

2.91 

Tankage 

9.70 

Subsystems 

3.45 

Engine  Structure 

0.96 

Engine 

6.83 

Siiieid  i 

4.50 

Contingency  (15%) 

4.25 

Total  Dry 

32.60 

Ptopeliant 

160.08 

Total  Wet 

192.68 

J 

ivrj^afErm 
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Lunar  Orbit  Rendezvous  Conf  igurations 

2 Stage  NTR  Performs  TU,  LOI,  TEI  and  Dispose  - 661  HLLV 


mim 


05.80  m 


NTR  Stage  1 & 2 


^ Component 

t ^ 

Sturcture 

2.59 

tankage 

4.50 

Subsystems 

1.69 

Engine  Structure 

0.76 

Engine 

14.91 

Shield 

1.50 

Contingency  (15%) 

3.89 

Total  Dry 

29.84 

Propeiiant 

54.42 

Toiai  Wet 

84  26 

V 

7 

nendezvous  & Dock 


Af/i  n roM  MA  FttE  rrA 


PA0E  IS 
OF  POOR  QUALITY 
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Lunm  Orbit  Rendtzvoya  Ccmtiaurations 


1351  HUV 


|!  m&go  NTR  P^rfowm  lU,  tPI,  Til  iinil  Dlspos^^ 


ftTUpuirD 

6-tQ 

iu^fystemsi 

a73 

iRflRD  ^triietUTD 

0.3 1 

EnglnR 

140t 

SH*ei^ 

140 

CoN^lRRenpjf  {n%\ 

440 

TotRlPry 

nm 

pFRpeMRRt 

t144S 

TolRl  Wei 

147J4 

..  _.-  j 

/ 

.11  w?  ion  o'»A 


NTR  Performs 
ttl  a Dispose 


NTR  Performs 
TU  a R^see 


NTR  Perlorms 

Tuatpia 

Disposed 


NTh  stage 


1U4 


niii  Tu.Laiii 


^ ComponeRt 

1 

V 

‘'"1 

tancfer/rLl  Adapter 

1.49 

1.49 

149 

T^mHape 

4.40 

5.20 

5.50 

SMpsystems 

.81 

.93 

.97 

Enpiiie  ^tnicture 

?.01 

2-29 

2.38 

RnpifHm 

tt.io 

11.10 

11.10 

Shiekl 

0.00 

0.00 

000 

Continfleney  (20%) 

398 

4.22 

4.30 

Total  Dry 

2387 

25.31 

25.82 

Propellant 

59.60 

80  64 

87.96 

^Totat  Wot 

83.47 

105.95 

113.78  J 
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NTR  Reuse  Examinedin  Study 


4si^mnm 


•Developed  vehicle  mass  properties,  payload  capabilities,  space  operations 

—2  cases  consider  reuse  for  NTR  only 

—2  cases  consider  space  based  fully  reusable  vehicles 


LOR  Mission 
TU.EOCburn 


Reuse  elements: 
NTR  engines 


to  Mission 
TU/EOCburn 


Reuse  elements: 
NTR  engines 


LOR  Mission 
TU.LOl,  TEI.EOC  burns 
Cluster  of  S^aSkUil  engines 


Reuse  elements: 
NTR  engines 
Lander 
CrevfCabs 


LOR  iMsslon 
TU.LOt,TEI,EOC  burns 
Single  75kK>t  engine 


Reuse  elements: 
NTR  engines 
Lander 
Crew  Cabs 


Notes:  Reusable  Hardware  elements  designed  for  5 mission 
NTR  returns  to  500  km  circular  orbit  between  missions 


•identified  infrastructure  needs  (assumed  existing)* 
—STS  lor  crew  deiivery/retrleval 
— SSF  for  refurb 

—Capability  for  on-orbll  refueling  or  tank  exchange 


Mnlrastrudure  costs  (elements  & associated  operallonsi  were  not  Included  In  cost  analysis 
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Reuse  Cost  Analysis 


Lunar  Orbit  Rendezvous 


at  t.OQ 


O 

■g  0.50 


0.00 


Expendable  N' 


Reusable  NTR 


NTR  Perlorins  TLI  burn 


gi.oo  H 

t5 
o 
o 

■g  0.50  4 


10:1  5:1  1:1 

Ratio  (Rioted  Flights:  Ci 


0.00 


"1 

Lunar  Direct 

Expendable  NTR 

Reusable  NTR 
NTR  Performs  TLI  burn 


10:1  5:1  1:1  1:5  1:10 

Ratio  (Piloted  FllghlS'Cargo  Only  Flights) 


•iiomiPMim 


Reuse  Reduces 
Vehicle  Recurring 
Cost  approximately 
50% 
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NTR/Cryo  Reusafele  System  GomparisoCT 


•ihmcMiihf 


Beusable  flendezvous  & PocKed 
«TR/GryoLTS 


Space  Based  90-Day 
Sludy  f^rlyed  L7S 


Iff  11-^ 


— 

MASSPnOPgRTIgSm 

A 

27.58 

27.58 

PryWas* 

42.90 

inrfl/TMStaiiel 

({aoO^r) 

(32.601 

(12.30) 

251.0 

170.0 

Total  Pfopeliam 

IflSO 

5-0 

15.26 

PItottfU  Caryo 

14a 

217.50 

TOTAL  SYSTEM 

242.78  ^ 

Rendezvous  & Docked 
US  (2  135 1 HLLVs) 


/Vfy^  /?  r//v 
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Mars  Evolution  Key  to  Affordability 


Sharing  Development  Cost  of  Common  Elements  with  Mars  Program 
Lowers  Total  Cost  of  i,unar  Missions 

Example:  Splitting  the  engine  development  cost  between  the  lunar  and  Mars 
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Conclusions 


'ii/rmmm 

• Near  term  NTR  Provides  Feasible  Alternative  to  Cryo  system 
for  Lunar  Missions 
-Performance 

NTR  LD  concept  offers  smaller  IMLEO  for  same  payload  capability  as  cryo  system 
NTR  LOR  offer  greater  payload  delivery  capability  for  same  IMLEO 
-Cost 

NTR  more  cost  efficient  ($/kg)  than  cryo  system 
NTR  Development  cost  greater  than  cryo  systems 
-Ops 

LOR  option  requires  on-orbit  cryo  transfer  (technology  risk) 

-Schedule 

1st  cargo  launch  capability  in  2002 


•Near  term  NTR  enable  efficient  evolution  to  Mars 

-Cost 

Shared  development  cost  of  common  elements  enhances  affordability 

Hardware  commonality 

-Mission 

Lunar  NTR  adaptable  to  wide  range  of  mission  architectures  (Direct, 
MOR) 
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Mission  Ossicfn  Considerations 
for 

Nuclear  Risk  Mlltgatfon 


Mike  Stdfieati 


• Safe  f{0turri  of  NTR  to  Earth  Orbit  Pulled  ooofdown  propeiiarrl  can  be  used  (o  lower 

capture  orbit  to  selected  operations  altitude 

• Lunar/Mars  MtR  Disposal  Modest  cost*  low  risk  disposal  to  heliocentric  orbits  for 

ail  transfer  irajeclories 


Aim  Poirtt  Bias  Offsets  Targeting  Errors 


One  of  the  operational  safety  concerns  for  nuclear  propulsion  is  how  to  manage  safe  return  of  a 
nuclear  powered  ttansfer  vehicle  to  Earth  orbit.  Although  the  mission  profiles  used  in  this  study  call 
for  crew  return  by  an  Earth  Grew  Capture  Vehicle  (ECCV),  capturing  the  transfer  vehicle  offers  the 
added  flexibility  and  possible  cost  savings  of  reuse.  The  feturii  orbit  must  be  low  enough  to  be 
accessible  from  Earth  launch  at  reasonable  cost,  yet  high  enough  to  ensure  safety 

Experience  shows  that  orbit  Insertion  errors  are  caused  by  some  or  all  of  the  following  factors: 

♦ grfor^  in  Tfaj«c(pfy  Cgrreclipn  Maneuvers  (TCM),  resulting  from  off-nominal  Ihrust  level, 
dlmatlttn,  «r  iluratbn.  thaaa  itiey  kH  «aui«d  by  lh«  firepulileMI  Of  itlilUell  COnlrol 
subsystems. 

» Inherent  uncertairiiy  in  deiermining  Uw  spacecraft’s  orbit 

* Small  errors  In  precise  locallon  of  natural  bodies 

However,  the  resulting  variations  in  spacecraft  orbit  parameters  are  small:  orbit  insertion  altifudes 
vary  by  only  a few  kilometers.  The  performance  of  a nuclear  thermal  rocket  should  be  similar  to 
past  experience  with  cheftileal  systems*  The  critical  Item,  then,  is  to  select  a nominal  return  orbit 
that  matches  lifetime  characteristics  with  the  needs  of  shoitderm  storage  In  Earth  orbit 

The  aim  point  can  be  biased  so  as  to  raise  the  distance  of  closest  approach,  arMi  capture  Into  some 
orbit  higher  than  the  desired  one.  After  exact  position  and  status  of  the  vehicle  Is  determined,  a 
senes  of  smaller  bums  lowers  the  orbit  to  match  the  final  size,  this  approach  will  be  the  basis  of  a 
proposed  strategy  for  making  effective  use  of  pulse-mode  cooldown  propellant. 
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Aim  Point  Bias  Offsets  Targeting  Errors 


Ttjrgaling  orrors  rosuU  from  oK  nominal  TCM  burns, 
unceflaitUy  in  oibit  cleterininaUon 


Target  B-Plane 


• I ypical  injuoUon  {?Morr>  are  sinnll:  nlliludo  dispersionn  of  n 
lew  Hilomelers 

• Damp  out  dispersion  effecls  by  clianging  the  aim  point  to  a 
higher  orbit  (elliptic  or  circular),  If^en  use  small  impulses  to 
lower  to  desired  final  orbit 


SelMte*  biMnottoMf 


Cooldown  Propellant  Characteristics 


Since  NTP  systems  must  cool  the  reactor  with  flowing  hydrogen  after  every  main  burn.  It  would  be 
desirable  to  use  as  much  as  possible  of  this  propellant  (or  productive  thrust.  The  eontinuous 
cooldown  flow  lasts  for  a few  minutes,  and  is  assumed  to  handle  part  of  the  required  capture 
impulse.  The  pulsed  flow  lasts  over  several  hours,  with  the  exact  profUe  depending  on  the  main 
burn  duration.  Pulsed  flow  averages  a specific  impulse  of  about  440  seconds,  but  at  a very  low 
thrust  level. 

The  table  in  (he  lower  right  coiner  opposite  shows  the  four  phases  for  a main  burn  of  600  seconds, 
typical  of  Earth  orbit  capture  burns  for  return  from  the  Moon.  In  this  case,  the  pulsed  flow  must 
occur  over  31.5  hours  to  keep  the  reactor  within  the  specified  temperature  range. 
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Puise  Cooldown  (hours)  Thrust 


Cooldown  Propellant  Characteristics 


Contlnyous  Flow  Phase 


s 

3 

I 

& 

I 


o> 

2 

fl> 

< 


Phase 

Startup 

Main 

Continuous 

Pulse 


A Time 
60  s 
600  s 
458  s 
31.5  h 


Average  Average 
Propellant  Thrust  Isp 
(Ibf) 


3,127 

24.737 

1,748 

1,483 


17,411 

75,000 

5,635 

12.7 


(sec) 

737 

825 

670 

438 


Main  eurn  Time  (sec) 


C Source:  Ffigfit  Engine  Program  (FEP)  ^ 
Puns  by  Aerojet,  Aug.  1970  ^ 


Svitnem  AppfUaUetui  bt/armthtiut  Cf>tpr> 


Altitude  Profile  During  Pulsed  Cooldown 


7 he  baseline  profile  for  a piloted  mission  to  either  the  Moon  or  Mars  Is  to  separate  the  crew  in  an 
ECCV  for  direct  reentry  at  Earth  return.  This  eliminates  the  operational  concerns  of  crew  safety  on 
board  during  the  extended  cooldown  time  interval.  Modeling  of  the  pulsed  flow  shows  a tolal 
propellant  requirement  of  1,473  kg  for  cooldown  purposes.  From  the  LTV  mass  requirements, 
shown  elsewhere  In  this  study,  this  translates  to  a AV  of  117  m/s,  assuming  the  maximum  effective 
thrust  cogld  be  Imparted  by  the  propellant  flow. 

The  problem  is  to  match  the  required  cooldown  propellant  flow  with  an  orbit  modification  strategy 
that  meets  mission  requirements,  while  deriving  maximum  value  from  the  available  AV.  The 
approach  used  here  is  to  accept  the  pulsed  flow  profile  as  given  in  the  Aeiojel  FEP  output  runs 
referenced  on  the  previous  page  (although  It  may  be  possible  to  modify  it),  and  to  use  each  low 
thrust  impulse  to  tower  the  attitude  of  the  initiat  capture  orbit.  We  begin  with  a circuiar  orbit  at  some 
altitude,  and  proceed  to  apply  a scquencG  of  many  small  impulses  to  lower  to  the  desired  500  kin 
orbit  at  the  end  of  pulsed  cooldown.  Starting  with  a circular  orbit  at  716  km  will  produce  the  desired 
final  altitude  of  500  km  at  the  end  of  this  ttirusllng  program. 

This  use  represents  one  example  of  how  the  pulsed  cooldown  prop^tant  may  be  used  for  transfer 
y§hjg|e  ttifyst.  A chars(cterlzation  for  the  range  of  engine  sizes  considered  in  this  study  will 

raquiro  burn  simulatlans  for  various  Ihrusl  levala.  bum  tirnea.  and  numbers  of  engines  sieged 
together. 
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Average  Specific  Impulse  (sec) 


Altitude  Profile  During  Pulsed  Cooldown 


• LOR  Mode,  with  NTR  pertormlng  4 
main  burns 

• Crew  separates  from  LTV  on  approach 
and  returns  jn  ECCV 

• 600  sec  burn  for  Earth  capture 


• Efficient  use  of  pulse-mode  cooling  for  thrust  is  the  active  constraint 
In  selecting  an  initial  capture  orbit 

* Biasing  to  counter  possible  orbit  insertion  errors  is  easily  satisfied 
by  this  initial  selection 


Sic/wic*  CmfwiMh't 


NTF)  Disposal  for  Lunar  Missions 


Two  broad  categories  of  long-term  disposal  orbits  have  been  examined  lor  use  with  nuclear  thermal 
propulsion  In  lunar  and  Mars  transfer  vehicles.  These  are:  Earth  orbits  at  alliludes  high  enough  to 
ensure  long  life  before  reentry,  and  various  heliocentric  options.  Although  all  of  these  olfer  real 
possibilities  for  reactor  disposal,  selection  may  depend  on  programmatic  guidelines.  As  a 
conservative  approach,  we  consider  the  heliocentric  options  to  be  preferable,  so  long  as  the 
propulsion  requirements  are  reasonable.  As  the  table  opposite  shows,  AV  to  reach  a particular 
disposal  orbit  is  highly  dependent  on  where  the  transfer  vehicle  is  when  the  disposal  operation 
commences.  Since  this  study  considers  a variety  of  NTP  use  scenarios,  there  is  no  single  lowest- 
cost  solution. 
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NTR  Disposal  for  Lunar  Missions 


• Want  permanent  solution- 

small  long-term  risk  of  Earth  reentry 
- no  lequirenient  for  aclive  management 

• Two  classes  of  cancficfales:  Earth  orbits  and  hollocenfrlc  orbits 

• Cos!  ( AV)  influenced  by  location  wlien  disposal  sequence  begins 


• Final  selection  will  depend  ot\  program’s  balartcfng  of  risk  (teal  and  perceived),  and  cost 


NTR  Final  Disposal  Location  j 

Disposal  Starts 
From 

Earth  Orbit 
> 1000  km 

Supor-GEO 

EarllvCrossing 

Heliocentric 

Stable  1 

Heliocentric  1 

Post-TLI 

3110 

2166 

194 

H5P 

Lunar  Orbit 

4210 

1750 

060 

2550 

Post-IEI 

3110 

2166 

194 

1450 

LEO 

200  + 

3859 

3267 

4550 

Crossing  Orbits 


Previous  work  by  SAIC  identified  a class  of  Earth-crossing  orbits  that  lie  Just  inside  or  just  outside 
Earth's  orbit,  and  that  are  slightly  out  of  the  ecliptic.  Using  a Monte  Carlo  simulatiGn  code  to 
estimate  the  lifetimes  and  reentry  probabilities  of  a body  In  such  an  orbit  shows  promising  statistics 
for  use  as  a disposal  location.  The  Earth  reencounter  probability  shown  In  the  graph  represents  a 
slightly  higher  risk  than  collision  wilh  an  asteroid  in  similar  time  periods. 

As  the  table  on  the  previous  page  stiowed,  the  crossing  orbits  are  easily  allained  from  most  points 
in  lunar  mission  profiles.  The  exception  is  disposal  of  a vehicle  from  LEO. 
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Crossing  Orbits 


• Graze  Earlivs  orbli  at  0.88  x 1 .0  A.U.  or  t .0  x i . J 5 A.U. 

• Are  stigfitly  Inclined  to  minimize  reentry  probaWHly:  I > 2 deg 

• Are  predicted  to  have:  tPlanetary  Encounter  Probability  Analysis  (PEPA)  code] 

' mean  lifetimes  of  the  order  of  1 0 ^ years 

- probability  of  Earth  reencounter  In  ^ 10,000  years  of  1 -2% 

- probability  of  Earth  reencounter  In  1,000,000  years  of  17-18% 


Seltmtm  JUppUeMlenn  Inw-mtlUniif  CmfuMaHo<i 


Stable  Orbits 


The  second  category  of  heliocentric  orbits  was  also  identified  by  SAIC  as  a possible  permanent 
storage  location  for  hazardous  waste  In  space.*  This  analysis  was  one  part  of  a large  effort  to 
explore  space-based  alternatives  for  nuclear  waste  disposal  conducted  during  1977-79.  These  orbits 
are  of  interest  because  they  arg  predicted  to  endure  for  a very  long  time  wHhoul  becoming  planet- 
crossing  orbits.  Two  bands  of  these  stable  orbits  have  been  identified,  as  shown  opposite.  The  one 
of  most  interest  lor  Earth-Moon  and  Earth-Mars  cases  is  at  1.19  A.U. , between  Earth  and  Mars. 

The  orbit  starts  pul  circular,  but  becomes  elliptic  "quickly"  In  the  long  view  of  the  situation,  as  shown 
on  the  graph  in  the  lower  left  corner.  This  graph  plots  heliocentric  distance  as  a function  of  time 
(note  the  x-axIs  scale!)  for  the  perlapse  and  apoapse  of  the  stable  orbit.  Ihe  Mars  peripase  and 
Earth's  apoapse  are  also  plotted.  All  four  show  significant  variations  over  the  one  million  year  time 
frame,  but  the  stable  orbit  never  crosses  its  closest  planetary  neighbors'  paths.  This  means  that, 
with  no  further  active  management,  placing  an  object  in  the  stable  orbit  is  sufficient  to  remove  the 
real  risk  of  Ihe  on^l^ard  radiation  hazard. 

As  the  earlier  table  Indicated,  significant  impulses  (1450-4550  m/s)  are  required  from  the  lunar  flight 
path  to  deliver  the  LTV  to  this  orbit.  Although  there  is  a cost  difference  over  the  crossing  orbit,  the 
stable  orbit  offers  a greater  risk  reduction  potentlai.  Whether  the  additional  risk  reduction  Is  required 
will  depend  In  large  measure  on  program  guidelines  and  policy. 


Fricdlandcr,  A.  t.  and  0.  R.  Oavis,  "LongTerra  Risk  Analysis  Associated  With  Nuclear  Waste  Dtsposa* 
in  Space,"  SAIC  Report  No.  I- 120-062- H?,  prepared  under  contract  HAS8-33022  for  NASA/HSFC, 
December  1978. 
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HetloeentNc  Distance  ( A.U.) 


stable  Orbits 


• qrWl  is  stable  over  time  T if  a body  In  that  orbit 
dQesn*l  crps$  a planet's  path  In  T 

* Starts  at  1.19x1.19  A U.,  becomes  elliplic.  but 

doesn't  cross  Mars  or  Eartfi 


19  All 


/ 


MARS 


Aptiefipn  ► 


19 


1.5  1 


i.'i 


1.3 


Mars  Perihelion 


Disposal  Orbit 


kv^' 


0.4  0.6 

Time  (10^  years) 


Perihelion.  ~ 


earth 

I pPrihellfln  - — 
Zone 


vew  {42: 


14 


1.0 


0.8 


0.6 


Carpfitmiloi: 


NTR  Disposal  for  Mars  Missions 


I wo  options  are  considered  lor  Mars  missions:  Itio  stable  holloconlric  orbit,  or  disposal  atony  Iho 
interplanetary  traiectory  that  the  transfer  yeiriele  is  iQllowing.  For  the  former,  the  AV  requirements  for 
two  spiil/conjunction  mission  pairs  are  shown  on  the  facing  page.  Cargo  missions  need  two 
impulses  to  leave  Mars  and  tq  cirquiarjze.  Crew  mission  trajectories  are  modified  to  i^rform  Earth 
gravity  assist  after  KCOV  separatiom  saving  roughly  2 km/S  impulse.  The  orbit  plot  show  the  9Q07 
crew  return  profile,  with  Earth  swingby  to  final  capture  bum  af  ^ .19  A.U 

The  second  option  is  to  leave  the  transfer  vehicle  in  its  flight  path.  In  all  cases,  the  flight  path 
crosses  at  least  one  planel’s  path,  setting  up  possible  unintended  gravity  assists  in  the  future. 
FtOWever,  predicted  chance  qf  Earth  reentry  in  one  million  years  is  generally  of  the  same  order  as 
the  likelihood  of  colliding  with  a typical  riear-parth  asteroid.  The  only  exception  is  the  near- 
Hohmann  transfer  leg  from  Eartfi  to  Mars  for  the  cargo  vehicle 
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NTR  Disposal  for  Mars  Missions 
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• Consider  Stable  orbit,  or  disposal  on  Intorplanetary  path 


Mission 

Disoosal  Slarls  from 

J^QukcdJMaine.uvera 

2005  Cargo 

Mars  orbit,  after  rendezvous 

Depart  Mars  Orbit 
Circularize  at  1.19  A.U. 

0.664  km/s 
0.998 

2(K)7  Crew 

Earth  approach,  after  ECCV  separates 

Earth  Gravity  Assist 
Circularize  at  1.19  A.U. 

0 

2.954 

2007  Cargo 

Mars  orbit,  after  rendezvous 

Depart  Mars  Orbit 
Circularize  at  1.19  A.U. 

0.665 

1.000 

2009  Crew 

Earth  approach,  after  ECCV  separates 

Earlh  Gravity  Assist 
Circularize  at  1.19  A.U. 

0 

3.G17 

Chance  of  Earth  Reentry 
in  t 5l0®  years  - % 

Leg 

2005/07 

2007/09 

Cargo 

E-M 

12.0 

12.0 

M-D 

0.0 

0.0 

Crew 

E-M 

3.8 

3.8 

M-E 

2.2 

2.6 

E-D 

1.2 

1.4 

E = Earth  M = Mars  D = Disposal 
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OBJECTIVE  / APPROACH 


Objective: 

Define  a Near-"lcnn  Solid-Core  N'i  P Engine  System  Scaling  Database 
— Identify/ Document  Unified  Set  of  Performance*  Weight  and  Size  Scaling  Data 
— Results  Should  Be  Useful  to  Meet  Initial  Mission  and  Concept  Design  Study 
Requirements 

Approach: 

Acquire/Review  Past  lh>vcr/NER\^  Engine  Design  Woilt 
Assess  Current  Engine  System  Data 

Conduct  Preliminary  NIT  Engine  System  Design  Iradei  Using  the  NESS 
Design  Program 

— Establish  Operating  Range  of  Imcresr  and  Techntdogy  Design  Approach 
- Design  An^ysis  Rcs|K>nsibil!ttes 

• SAIC  - Engine  System 

• Westinghouse  - Reactor  and  Intctnsd  Shield  (ENABl-ER  Reactor) 
Establish  a Catalog  of  tlnabler  I and  ll  Engine  System  Design  for  a Range 
Configurations  and  Opcraiing  Conditions 


D 4»  ittfUftrOwMi  Q90pnf  “ 
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ENABLER  I AND  II  ENGINE  SYSl  EM  DESIGN 
DATABASE  DEVELOPMENT  CLOSELY 
PARALELLED  NESS  PROGRAM  DEVELOPMENT 


INITIAL  SAIG 

NTP-ELES  PE  VELOPMENT 


vy  1991 

NF5S-VRRSION  t.O 
ENABI.ru  I ENGINF. 
SYSIEM 


EMAiltEaiJBHGINE 

SmfeMPATA&ASE 


1**Y  1992 

NI«SS  VERSION  2.0 
ENABLERH  ENGINE 
SYSTEM 


k^jLkiiheMqiNE 

I^STEM  OATAilASE 

FY 1993 

NESS  PUBLIC  RELEASE 
THROUGH  COSMIC 
- PC  and  Vax  Versions 


Appjletll9ili 

^ MwMUottfl  Corpor«l/or}s= 

WT0  Mu  Cmptnf 


OVERALL  NTP  ENGINE  SYSTEM  ASSESSMENT  APPROACH 


8cl$nc»  Apptte0U9n9 
tat»rnaUonfl  Carporallciia 

^ fmpttfn-OwM  Cimptnf 
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KEY  TECHNICAL  DOCUMENTS  REVIEWED 


XE-Ptime  Etigtac  - Final  Refmrt 

Small  Nucfeat  Ettgiuc  Fu\al 

Expccteocc  GaiacscI  from  the  Space  Nodear 
Eociter  Program  (ROVER) 

Histoty  Summary  Rejxjtt 

Safe,  Compaq,  Hticfear  Propulssou  - Emaf  (Report 

NERVA  PreUmbaiy  Pesigo  Safety  Report 

Nudar  Rtickct  Engmc  Optimisation  Progrant 

NASA  l^wfsNudear'Ilicrinal  PmpaEiofi  ^rkshop,  1990 

"Design  of  Sccan4-Cicno:aitoii  Nudear  Tlicrma} 

Ro^ict  Engines/  AtAA  Report 

On-Coi»gNASA  Lewis  H PR  System  Snuifes 


NPHM-92 


Apjafe0t}p»» 

NTP:  Conce^ 


ENABLER  REACl’OR  DESIGN  AND  OPERATING 
PARAMETERS  EXAMINED 


PRISMATIC  FUEL  ELEMENTS  AND  SUPPORTS 


I 


linlu«M  lip 


uc-x>c-c 

CotnpoilltMftbrlM 


11 


SelfncgAppUeittotti  . 
int0rtttUoafl  Corpof»Uonsi 
An  tmpUf»t  0m»44C»mfnr 


FUEL  AND  SUPPORT  ELEMENTS  PARAMETERS 


Fuel  Element  Composition 

Graphite 

Composite 

Carbide 

Temperature  Range  K 

2200  - 2500 

2500  - 2900 

2900-3300 

Fuel 

Coated  Particle 

UC -ZrC  Solid 
Solution  and  Carbon 

(U,Zr)C  Solid 
Solution 

Coating 

ZrC 

ZrC 

Untueled  SujH^orl  Eloment 
Composition 

Graphite 

ZrC-Grapliile 

Composite 

ZrG 

Untueled  Element  Coaling 

ZrC 

ZrC 

— 

.Scleiite  A00Hc*Uoi»i  I 

Intirnitionfl  CorporMtlons==sJf/ 

An  lmpl«f»§.0»$t4  CimpiKf 
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RMCTOR  PAMMETERS/CHAMCl  ERIS  lies 
AS  A FUNCI  ION  OF  THRUST  LEVEL 


Ttmisl(IOOOIbl) 

15 

25 

>50 

Reactor  Power  Range  (MW) 

275  - 400 

460  - 670 

920-6700 

Fuel  and  Support  Element  Lenglfi 
(m  (Inch)! 

0.89  (35) 

0.89(35) 

1.32(52) 

Pressure  Vessel  Length  lM(lnctt)J 

2.10(82.6) 

2.t3(84) 

2.58(101.^ 

Fuel  Element  Power  (MW) 

0.629 

0.808 

1.20 

Relative  Fuel  Element  Power 
Density 

0.778 

1.0 

1.0 

Ratio  of  Fuel  Elements  (N)  to 
Support  Elements 

2:1 

3:i 

6:1 

Pressure  Vessel  Material 

Aluminum 

Aluminum 

Aluminum 

Reflector  Material 

Beryllium 

Beryllium 

Beryllium 

Internal  Shield  Material 

BATHVLead 

BATH/tead 

BATH/Lead 

• BATH  * Berated  Aluminum  Titanium  Hydride 


■ CiPilLf 


RADIATION  LEAKAGE  LIMITS  CRITERIA  ASSUMED 

- AT  A PLANE  160  CM  (63  INCHES)  FORWARD  OF  THE  CORE  CENTER  ^ 


Type  of  Radiation 

Radiation  Leakage  Limits  Within 
Pressure  Vessel  Outside  Radius 

Gamma  Carbon  KERMA  Rale 

1.8  X 107rad(c)/hr 

Fast  Neutron  Flux 

2.0X  10l2n/ciii2-sec.  En>1.0MeV 

Intermediate  Neutron  Flux 

3.0x  10^2  n/cm2- sec, 
0.4eVsEnSl.0MeV 

Hiermal  Neutron  Flux 

6.0  X 10^  ^ n/cm2  - sec,  En  < 0.4  ev 

NP-m!«92 
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ENGINE  SYSTEM  ANALYSIS  APPROACH/ASSUMPTIONS 


• Use  SAIC  NRSS  Cycle  Analysis  (Jodc 

- ChccMAdjtist  Q)c|c  Ui  a ReasnabIc'lHt  C'asc 

- Rocketaync  ENABLER  I and  ENAULUH  II 
75,000  Ibf,  1000  psia  F.nj»iiic  System  Design  Selected 

• Model  Engine  as  an  Expander  Cycle 
^ incorporate  near-lcnii  Statc-of-tlic-Art  ‘Icchnologles 

- incorporate  Dual  Turbopiimp  Feed  system 

Siii^c  Propcliaiu  turboputup  With  Dual  Valving 
per  F«d  Lc^  - 80%  'lluusi  IjcvcI  Capability  per  Ixg 
■-r  Centrifugal  Tuibopumps  Used 

- Boost  Pumps  Assumed  Only  for  the  ENABI.ER  If 
i^ngiiic  System 

- Use  Wcstinghousc  F.NABI.F.R  Reat  tor  System 
Design  Model 

- includes  an  internal  Sliicld  Model 

- Examine  Nozzle  Ratios  of  200  and  500: 1 


15 


- VAtVE 

- CHECK  VALVE 
• REQULAIOH 


KEY  NTP  ENGINE  DESIGN  AND  TECHNOLOGY  FEATURES 


D«slgn/T«elmofogy  Faalurojla) 

CommenKei 

Gtrrbal  Lngine  Mount 

Based  on  the  Space  sm^iia  M^n 
Engine  tSSME)  Design  Approach 

lutbopuinp  Assembly 
- Duat  Feed  System  Legs  vrillt  Dual  Valving 
- 80%  PunipltH)  CapabiUty  per  Feed  Leg 
> Ceiadfugal  Tuftiotniinps 
Pimp  Mateila^:  Inconnef 
~ TudblneMsdedal:  MAR  M246 

‘ Based  on  NEMVA  Design  Appmach 
iRedundancy  Considerations) 

• Based  on  the  SSME 

^IciCore  NERVA  Type  Oeactor  Oesi(pi 
' Intarnat  Shield 

' Uses  Si2aei^*th»  Alt  Reactor  System  Fuels/ 
1 edinoiogies/Maierials  ( Westingiiouse 
ENABLER  Design) 

- Based  Oft  NERVA  Design  A43pfoacb 
and  Requiretneriia 

Nozzle  Asseiia)ly 

• 1 19%  1 (igh  Area  Jiatio  I1AO  Ckmtour 
* extend $00:1 

* Three  Section  Assembly 

~ Ihtoal  Region  | 

• 2:1  Upstream  to  6:1  Oovm6lre»n  j 

• Sioft^  Regen  Wafl  Consinjctipri  ot 

~ fmemwKale  m»0on  1 

• 6:1  to  1S0:1  Dnwnstieam  ' 

• thigon  Cooled  tnoMm^  Tube  BiHtdlos 
- Exit  t^rzle  Extemlon 

^ 150:1  to  nxil 

« Radtolton  (toded  Carton-Carbon 

> Conservative.  Itigh  Pertornunica  De^n. 

Cotranon  in  the  Propulsion  Cofnnxmtty 
* Based  on  the  SSME  and  State-of  the-Ad 
Rocket  Pfoputslon  ledmobgy  Base 

- BasedonSSME 

Bitfwidon  88MF 

- Uses  ^ale*ot  the*^  Rocket  Propulsion 
Matertate  Technology  Base 

Mteceltaneous  Hardware 
• Propetiartf  Lines 

- Vidves 

- Etectronlcs/inslnimenta(kKVPfocessors 

' Stela  of- ttie-^Ait  lac^mologiee  Employed 
Reduced  Weight.  Size,  and  Increased 
Capabflfy 

Sclenco  AppileaUons  |l 

tolsrnsHoiW  Corpprftlon^s=sp 

l(l 
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EXTENSIVE  NESS  PROGRAM  VERIFICATION 

'CGNJbOCffiD  

ENABLER  NTP  DATABASE  DEVELOPED 


JBBiP3P^nWnt)#(|^  4n  E«p/*jr««  0*n«rf  C»mpMf 


INITIAL  ENGINE  COMPONENT  WEIGHT  COMPARISON* 
- 75,000  Ibf  NTP  ENGINE  CASE  - 


Parameter 

NERVA 

nocKotdyne 

SAIC 

ELES-NtP 

Ad]uslmeiils/Commeiila 

Chamber  Temperature 
("K) 

2500 

2700 

2700 

Chamber  Pressures 
(psia) 

450 

1000 

1000 

Area  Ratio 

100 

500 

500 

Specifio  Impulse  - Vao 
(sec) 

650 

923 

922,8 

Reactor  (kg) 

5890 

5824 

5823 

— 

Internal  Shield  (kg) 

1583 

1523 

Hozz\b  Asserriiiy  (kg) 

1051 

440 

421 

* ElES  NTP  Value  Increased  by  5% 
- Rodretdyne  Weight  Considered  a 
Good  Baseline 

Turbopump  Assembly 
(kg) 

^43 

304 

104 

^ eLes  NTP  Value  Increased  by  30% 
- Rocketdyne  Considered 
Conservativa  tor  SOA  Designs 

Nonnuclear  Support  | 

Hardware  (kg) 

- lines.  Values, 
Actuators. 

Instrumentation  Ihrust 
Slrtidure 

2425 

1815 

1264 

• ElES  NI  P Value  Increased  by  40% 
^ Rocketdyne  Weight  Considered  a 
Good  Baseline  - Scaled  From 
Previous  Design  Work 

Rppkotdyne  uses  their  Mark*23  type  axial  lurbopump  (4  stages); 
EliS’NTP  used  a single-stage  centrilugal  pump. 
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INITIAL  ENGINE  COMPONEN  L WIEGH  I'  COMPAIUSON* 
- 75,000  Ibf  N I P ENGINE  CASE  - 


Parameter 

NERVA 

Rocketdyne 

SAIC 

ELES-NTP 

Adjustments/Comnmnts 

Chamber  Temperature 

m 

2500 

2700 

2700 

Chamber  Pressures 
(psla) 

450 

1000 

1000 

__ 

Area  Ratio 

100 

500 

500 

— 

Specific  Irttpulse  * Vac 
(sec) 

850 

923 

922.0 

Reactor  (Vg) 

5690 

5024 

5023 

Internal  Shieid  (Hgj 

1583 

1523 

— 

Nozzle  Assembly  (kg) 

1051 

440 

421 

• ELES  NTP  Value  Inaeased  by  6% 
Rocketdyne  Vyolght  Considered  n 
Good  Baseline 

TurboiMimp  Assembly 

(kg) 

i 

243 

304 

104 

• ELES  NTP  Value  tncreasiKl  by  30% 
Rockeldyne  Considered 
Conservative  for  SOA  Designs 

Nonnudear  Support 
Hardware  (kg) 

- Lines,  Values, 
Actuators, 

Instrumentation  Thrust 
Structure 

2425 

1816 

1264 

• ELES  NTP  Value  Increased  40% 
- Rocketdyne  Weight  Considered  a 
Good  Baseline  - Scaled  From 
Prevlo\»  Design  Work 

* Bodtetdyne  uses  their  Mafk-25  type  axial  lurbopump  (4  stages); 
ELES-NTP  used  a single-stage  cenlrifugaf  pump. 
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INITIAL  ENGINE  CYCLE  PARAMETER  COMPARISON* 

- 75,000  Ibf  NTP  ENGINE  CASE  - 


Parameter 

Rocketdyne 

SAIC  - ELES 
NTP 

Pump  Flowrate  (kg/s) 

36.7 

36.9 

Pump  Discharge  Pres,  (psta) 

1544 

1538.3 

Turbine  Flowrate.  % Pump 

50 

50 

Turbine  Inlet  Temp.  ('*K) 

555.6 

555.3 

Turbine  Inlet  Pres,  (psla) 

1412 

1416.8 

Turbine  Pressure  Ratio 

1.25 

1.295 

Reactor  Inlet  Pres,  ^sia) 

1130 

1255.4 

Reaclor  Power,  (MW) 

1645 

_ 

Reactor  Core  Flowrate  (kg/s) 

36.7 

36.9 

Nozzle  Chamber  Temp  (®K) 

2700 

2700 

Nozzle  Chamber  Pres,  (psla) 

1000 

1000 

Nozzle  Exit  Diameter  (m) 

4.15 

4.15 

Nozzle  Expansion  Ratio 

500 

500 

Specilic  Impulse-Vac  (see) 

923 

922.8 

Pump  Speed  (rpm) 

37.500 

34,913 

Rocketdyne  uses  Iheir  Mark  25-lype  axial  lurbopump  (4  stages); 
ELES-NTP  used  a stngle<slage  cenlrifugal  pump. 
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INl  l lAL  ENGINE  CYCLl-  PARAMETER  COMPARISON* 
- 75,000  Ibf  NTP  ENGINE  CASE  - 


r 


Parameter 

Rocketdyne 

SAIC  - ELES 
NTP 

Pump  Flowrate  (kg/s) 

36.7 

3C.9 

Pump  Discharge  Pres,  (psia) 

1544 

1538.3 

Turbine  Flowrate,  % Pump 

50 

50 

Turbine  Inlet  Temp.  (”K) 

555.6 

555.3 

Turbine  Inlet  Pres,  (psia) 

1412 

1416.8 

Turbine  Pressure  RaUo 

1.25 

1.295 

Reactor  Inlet  Pres,  (psia) 

1130 

12554 

Reactor  Power,  (MW) 

1646 

— 

Reactor  Core  Flowrate  (kg/s) 

36.7 

36.9 

Nozzle  Chamber  1 emp  (®K) 

2700 

2700 

Nozzle  Chamber  Pres,  (psia) 

1000 

1000 

Nozzle  Exit  Diameter  (m) 

4.15 

4.15 

Nozzle  Expansion  Ratio 

500 

500 

Specific  Impulse-Vac  (see) 

923 

922.8 

Pump  Speed  (rpm) 

37,500 

34,913 

• Rocketdyne  uses  their  Mark  25-type  audal  lurbopump  (4  stages): 
ELES-NTP  used  a single  stage  centrifugal  pump. 
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CYCLE  PARAMETER  COMPARISON* 

- 75,000  Ibf  ENABLER  I,  EXPANDER  CYCLE  - 


Parameter 

Rockeldync 

SAIC  . ELKS 
NTP 

SAIC  mss 

Total  Rowralc  (kg/s) 

36.7 

36.9 

37.27 

Pump  Dlsdiargc  Ptes,  (psia) 

1.544 

1,538.3 

2.298.3 

Turbine  Flowrate,  % Pump 

50 

50 

50 

Tuibinc  Inlet  Temp.  (®K) 

555.6 

555.3 

622.3 

I'urbUie  Inlet  Pics,  (psia) 

1.412 

1,416.8 

1,969.0 

Tuibiiie  Pressure  Ratio 

1.25 

1.295 

1.739 

Reactor  lutet  Pres,  (psia) 

1,130 

1.255.4 

M32.I 

Reactor  Power,  (MW) 

1.645 

- 

1,587 

ReaeUx  Coro  Flowiate  (kg/s) 

36.7 

36.9 

36.2 

Nozzle  Oiaiiibcr  remp  C K) 

2,700 

2,7tK) 

2.700 

Nozzle  Cliambcr  Pics,  (psia) 

1,000 

1,000 

1.000 

Nozzle  Exit  Diaiticict  (tii) 

4.15 

4.15 

4.22 

Nozzle  Expaiwioii  Ratio 

500 

500 

500 

SiicciTic  Impulsc-Vac  (sec) 

923 

922.8 

912.9 

Pump  Speed  (rpm) 

37,500 

34,913 

40,583 

* Kuckcldync  uses  Uicir  Mark  25  ty|ie  axial  Uirbopump  (4  stages);  SAIC  ELES-Nl'P  used  a 
stfigle-stage  cctUflfuga!  pump;  SAIC  NESS.  Sample  Case  No.  8,  uses  a 5-stage  axial  pump. 


Jifl  Caviar**  OoMr  Cm^m) 

NP--nM-92 


NTP:  System  Conc^|)ts 


CYCLE  PARAME I ER  COMPARISON* 

- 75,000  Ibr  ENABLER  J,  EXPANDER  CYCLE  ^ 


rarameler 

Rocketdyne 

SAIC 

KLEStNTP 

SAIC  mss 

Spocific  Impulse  - Vac  (sec) 

923 

922.8 

912.9 

Reactor  ^g) 

5.824 

5,823 

4.783 

Internal  Shield  (kg) 

1.523 

1.108 

Nox7ie  Assetnbly  (kg) 

44U 

421 

535 

Turtwpump  Assembly  (kg) 

304 

104 

221 

Nonnuclear  Siqiport  llardwafe  (kg) 

- Lines,  Values,  Actuators.  Instrument  i 
tation  Itmist  Slnicture  | 

1.815 

1.264  i 

1,493 

* RockeUlyiie  uses  Uicir  Mark  25  type  axial  Utrbopump  (4  stages);  SAIC  ELES-N'Il’  used  a 
single-stage  ccntrirugal  pump;  SAIC  NESS,  Sample  Case  No.  8.  uses  a S-slage  axial  pump. 
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CYCLE  PARAMETER  COMMRISON* 

- 75,000  Ibf  ENABLER  1,  EXPANDER  CYCLE  - 


Wail  Temperature 

cm 

Barrier 

Temperature  (**R) 

Isp  (Sec.) 

Fuel  Film  Cooling 
Fraction 

1460 

1630 

912.9 

0.03 

1800 

2106 

915.9 

0.03 

2000 

2429 

917.5 

0.02 

2400 

2892 

919.4 

0.02 

2800 

3418 

921.2 

0.02 

3000 

3651 

921.9 

0.02 

3200 

3864 

922.4 

0.02 

• oota  « 400a»n  (a700'’h) 
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DESIGN  CASE  COMPARISION  OBSERVATIONS 


N IvSS  Design  l*,xhibiis  V%  Lower  Peformance  Hian  Other  Designs 

NI'.SS  Model  More  Accuiatcly  Predicts  Noz/ic  Cooling  U>sscs- Upstream  l‘iliii 
Cooling  Rcquiicd  to  Meet  Maximum  Wall  Icinpcrature  Requirements 

Integrated  Reactor/Pngiiic  System  Design  EITects  Accounted  for  in  tlic  NESS  Design 
Sized  to  Take  Into  Account  Heat  Captured  by  the  Coolant  Before  It  Enters 
the  Rc-actoi 

Corresponds  to  Some  DiflTerence  in  Cycle  Pressures,  "lemperaturcs>  and 
Turbopump  Operating  Parameters 

Other  Weight  Differences  P'roni  Improvements  in  NESS  ^ight  Correlations 

- 3-Scction  Nozzle  Design 

" Non-Nuclear  Auxiliary  Components 

- Update  Properties 


r Selffnce  Applle$tt0n3 
(itt«rRfUofUf  Corporations 
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EXTENSIVE  ENABLER  1 AND  11  ENGINE  SYSTEM  DESIGN 
DATABASE  HAS  BEEN  DEVELOPED 


Database  Covers  A I^rge  Engine  Design/ 

Operating  Paramcuters 

- I’uerrypc/C'lianibcr  lempcraturc 

- riirust  level 

- Chamber  fVessurc 

- Noxxic  Area  Ratio 

Top-level  Design  Scaling  Trends  Produced  for  the  ENABLER  1 Engine 
System 

- Little  Design  Trend  Analysis  Conducted  to  Date 
on  the  Eanblcr  II  Database 

All  Engine  Summary  Design  Data  is  Cataloged  and  is  Available 
Through  NASA  Lewis 
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^ An  EmphiH  Oil** 


ENABLER  ENGINE  SYSTEM  DESIGN 
TRADE  SPACE  ANALYZED 


Fuel  lype/Chamher 
Temperature  (oK) 

Thrust  (Ibf) 

Chamber  Pressure 
(psia) 

Nozzle  Area 
Ratio 

Graphitc/25U0 

15,000 

500 

200:1 

Composite/ 27 00 

40,000 

750 

500:1 

Carbide/3100 

75,000 

1,000 

125,000 

1,500 

200,000 

2,000 

250,000 

An  Omni  e*»t»nr 

2,y  
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REACTOR  PRESSURE  VESSEL  DIMENSIONS  AS  A 
FUNCTION  OF  POWER  AND  CHAMBER  PRESSURE 


TYPICAL  N'l  P ENGINE  PERFORMANCE  AS  A FUNCTION 
OF  CHAMBER  PRESSURE,  TEMPERATURE  AND  AREA  RATIO 

- 75,000  Ibf  Thrust - 


SPECIFIC  950 
IWIPUtSE 
(sec)  900 


100 
-o-  200 
600 


SPECIFIC  950 
IMPULSE 
(sop)  900 


2200  2600  3000  3400 

CHAMBER  TEMPERATURE  ("K) 
CHAMBER  PRESSURE  :=  500  psie 


7501 1 i L L, — 1 1 

2200  2600  3000  3400 

CHAMBER  TENK’ERATURE  fK> 

CHAMBER  PRESSURE  s 1000  psia 


NP>nM<>2 


NTP  ENGINE  WEIGH'r  AS  A FUNCTION  OF  THRUST, 
CHAMBER  PRESSURE,  AND  AREA  RATIO 
- Graphite  Fuel,  Chamber  Temperature  - 2500  K - 


TOTAL 

ENQINE 

WEIGHT 

m 

toooo 


KEY  1 

SYMBOL 

CHAMBER 

PRESSURE 

(paiaj 

AREA 

RATIO 

500 

500 

■D* 

1000 

500 

500 

200 

0- 

1000 

2U0 

50000  100000  150000  200000 

mnusT  (ibf) 


250000 
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NTP  ENGINE  WEIGHT  AS  A FUNCTION  OF  THRUST, 
CHAMBER  PRESSURE,  AND  AREA  RATIO 
- Composite  Fuel,  Chamber  Temperature  - 2700  K - 


TOTAL 

ENGINE 

WEIGHT 

<kg) 


1 KEV  I 

SYMBOL 

CHAMBER 

PRESSURE 

<psla) 

AREA 

RATIO 

500 

500 

1000 

500 

-4“ 

500 

200 

-o- 

1000 

200 

37 

383 
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NTP  ENGINE  WEIGHT  AS  A FUNCTION  OF  THRUST, 
CHAMBER  PRESSURE,  AND  AREA  RATIO 
- Carbide  Fuel,  Cliamber  Temperature  - 3100  K - 


L 1 

SYMBOL 

GMAMBEfI 

PHESSUnE 

(Psla) 

AREA 

RATIO 

Hi- 

500 

soo 

-o- 

1000 

500 

500 

200 

*0- 

1000 

200 

NTP  ENGINE  SYSTEM  AS  A FUNCTION  OF  THRUST, 
- Graphite  and  Composite  Fuel  Engines  - 


1 KEY  1 

DtMEt4SIQN 

SYMBOL 

CHAMBER 

PRESSURE 

IlMla) 

AREA 

RATIO 

Langrti 

Ar 

Ar 

SOO 

f.000 

SOO 

i 

m 

1,000  _ 

200 

CHOTWier 

0 

soo” 

1.000 

SOO 

♦ 

■O' 

600 

1.000 

200 

Scl9nceApplle$ilon$ 

■ ■■  — ■JliBHLl w IffltrAttloiTfl  Corpentlofi, 

At  (mfItftt-Owati  Ctmptnf 
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NTP  ENGINE  SYSTEM  AS  A FlJNCnON  OF  THRUST, 
- Carbide  Fuel  Engines  - 


1 key  II 

DIMENSION 

SYMBOt 

CHAMBER 

PRESSUnE 

AREA 

RATIO 

loitglli 

A- 

5Q0 

1.000 

600 

X- 

600 

j.ogg 

200 

IMamelttr 

“ ’ 500  ” 

O' 

ItOog..,.. 

500 

♦ 

soo 

1,000 

200 

jy."  "L  Science  Apallcutwt 

" ' ■■  " ■■■;•■■■■  imn  I ' itsssss iattfnauoa^fl  Cerpor$Uotti 


NTP  ENGINE  SUBSYS 1 EM  PERCENT  WEIGHT 
DISTRIBUTION  FOR  TWO  THRUST  LEVELS 
Composite  Fuel,  = 2700  K,  P^  = 1000  psia,  € = 500:1 


too, 


PERCENT 


1 m 1 

SYMBOL 

ENGINE 

THRUST 

(W) 

ENGINE 

WEIGHT 

H) 

■ 

75.000 

B.BtS 

m 

250.000 

22,410 

NONNUClEAll 

suppom 

MAnDWAHF 
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BASELINE  NTP  ENGINE  DESCRIPTION* 

I-  75,000  LBF  THRUST,  EXPANDER  CYCLE,  COMPOSITE  FUEL,| 
T = 2700  K,  P^  = lOOOpsia,  E = 500:1  - 


Coropononi 

Pealuroa 

Number 

Reaclor 

• Reactor  i-  tnlenial  Stiieid  Weight 

• Fuel  Type  ■ Corrposita 

6576  kg  (14.500  Ibm)* 

i 

• Case  M.'^orlal  - Aluniivjm 

V 

• Reactor  tMametor 

132  m (52  M) 

• Rearior  Loiigih 

2.59  m (102  in) 

• Fuel  Mass  Flow  Ral« 

• Rencior  Exit/Nozzle  Eirtrance 

36.9  kg/s  (61  3 IbnV.s) 

• Exit  Cliaiiit>er  Pressure 

6895  kPa(  1000  pda) 

• Temperaturo 

2,700  K (4.86irR) 

Nozzle 

• Nozzle  WelghI 

442kg(975t)rT^ 

1 

• Nozzle  Mateii^d 

4 

♦ Stolfed  Rrigofi  Wal  ConsInKJlIon  ol 
Copper  lo  Afi*a  Ratio  ol  6:1 

• Inconel  lube  tlunUlos  lo  Area  Ratio  ol  150:1 

• Extension  Material  - Caitxm 

V 

• Rogoners^vely  Cooled  by  Prr^tant  lo  an 

4 

Area  Ratk>ol  150*  f 
• Nozzle  Length 

823  cm  (324  In) 

• Throat  Dlamalof 

18.B  cm  (7.4  In) 

• ExH  IHametrr  1 

415 Bern (163  7 hi) 

• Area  Rafln 

500:1  1 

• DeRvored  Vacuum  Isp 

9043  N X sec/kg  (923  sec) 

• Delivered  Ihmst 

333.6  kN  (75.000  W) 

Main  Punp  Tuitine 

• luibine  Welqlil 

15.9  kg  (35  bm) 

2 

• Material  MAR  M246 

4 

• No  of  Fun  Admission  lutblrie  ^ages 

2 

• FlOdoncy 

0 70 

• hilifilim  liHlIri 

• Uameler 

IPOS 

16.0  am  (b.M  hi) 

• Tutbino  Speed 

39.028  rpm 

* lolsd  Conponent  WelghI  - Typical 


^ Science  AppllcMtlom 
laternatleafl  Corpora f/on= 

4s  0sss4  Cs*4«itr 
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BASELINE  NTP  ENGINE  DESCRIPTION* 

- 75,000  LBF  THRUST,  EXPANDER  CYCLE,  COMPOSITE  FUEL, 
T = 2700  K,  P^  = lOOOpsia,  E = 500:1  - 
(CONT.) 


Cotnponem 

Features  | 

Number 

Fuel  Pump 

• Mabi  Wolghi 

44.6  kg  (98  4 Ibm) 

2 

• Materfal  • Inoonnei 

• Sfng(e-SiaQ8  Centiilug^U  Pump 

• PfesstifonJso 

10.260  hPa(1488psla) 

• Pump  Speed 

39.028  rpm 

- Pump  Dlameler 

25.7  cm  (10 1 1n) 

• Pump  Efiidency 

0.715 

• f^llnp  Hofsepowof 

8143  HP 

Mac.  Harchvara 

• IhnisIMounl 

737ko(t624bm} 

t 

Weights 

• Thrust  Suppofl  Hardware 

S73kg  (1263  Ibm) 

1 

• Engine  Lines 

91.9  kg  (2Q2.7  S)m) 

2 

• Valve 

182.6  kg  (402.6  fem) 

4 

* TPAIgnUicai 

15.7  kg  (34  7 Ibm) 

2 

• GImbal  Sy^om 

34.9  kg  (76.9  fenj 

1 

Subtotal 

* im^  Notinudear  Weiglil 

2196  kg  (4843  Ibm) 

1 1 PA  + MIsc.  1 -V  Nozzle) 

• Margin  (2%) 

44  kg  (96.9  tom) 

Total  Engine  System 

8816  kg  (19.440  tom) 

Total  CotrywnenI  W^M  - Typical 


JUMPar^liWPHai^  Ad  impUftM  awDti  Caaft»t 


BASEUNE  NTP  ENGINE  CYCLE,  OPERATING  PARAMETERS 

- 75,000  Ibf  I’hrust,  Composite  Fuel, 

T = 2700  K,  P^  = lOOOpsia,  e = 500:1  - 


STAHON 

Pfl£S3Un£ 

(P«r*) 

TEwmrK) 

tn(kBri) 

1 

m 

ni 

18.4 

2 

iS39 

403 

18.4 

3 

1467 

403 

18  4 

4 

1417 

555.3 

38  8 

5 

1404 

5553 

184 

€ 1 

I2SS 

5336 

369 

7 

1000 

2700.0 

36.9 

UOCHO_ 

^ CHECK  VAt  VE 
^ REOlAATOn 
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NTP  ENGINE  THRUST-TO-WEIGHT  RATIO 
AS  A FUNCTION  OF  THRUST 
-e.=  500:1  - 


TWWST/ 
WEK3HT  3 


CM&HSER 

TEMPCRAItmC 

m 

FUEL 

we 

RexcTon 

Ty« 

27S0 

Grat^tu 

S-  2500 

Composite 

1 

-0*  2?C0 

CwbltJe 

3100 

Compose  i 

ti 

100.000  200.000 
THRUST  (Ibf) 

COMPOSlTEFUEt 
CHAMBER  TEMPERATURE  r:  2700'*  K 


100000  200QQO 
IHHUSt  OW) 

CHAMBEH  PflESSURE  s tOOD  psta 
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CONCiUDING  REMARKS 

A Near-Term  (ENABLER  I and  11)  NTP  Soiy-C*>»e 
System  Database  has  Beeti  EstabtisUed 

Based  on  die  Welf  Oocuniented/Aiichorcd 

SAIC  NHSS  Design  Frogtam 

Iiicotporates  Wf^tinghouses  SOA  Reactor 

System  Design  CorrektioRs 

Database  is  Orgaiuiied,  Docummted  and  is  Availabk 

Through  NASA  Lewis 

Fistui:e  Recommendations 

Peiform  a CAiivijiatatiye  Asscssincjji  of  ilic  Database 
Past  Eugiucering  Data  Gemrated 
--  Technotogy  Sensitivity  Studies 
Initiate  a Similar  Study  Activity  *^tli  Engine  Systems 
Using  Dlfferem  Reactor  iyiics 
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CLUSTERED  NTR  STUDY  tMTROOUCTION 


--CLVSrKftKP/^^  .TTl'pr- 


OVERVIEW 


CMNlIRMt.  dV-NAANCa 

$pcc« 


Study  introduction 


Mission  DescripUon 


Reference  Vehicle  Design 


Propulsion  System 


Systems  Analysis 


• Summary  And  Conclusions 


The  pTtseiHMion  will  cover  several  lopics  which  together  encompass  this  preiiminary  assessment  of 
fTtidear  thermal  rocker  engine  clustering.  The  study  objectives,  schedule,  flow  and  groiindmles  arc 
covered.  This  is  followed  by  the  NASA  groundruled  mission  and  our  inteipretadon  of  the  associated 
The  NASA  tcfertftce  vehicle  is  tUus^aitui«  then  we  tooca  in  m vhe  fom 
propulsion  system  optsoas  cxamisicd  in  this  study.  Each  propulsion  sysicm*s  preiinunary  design,  fluid 
systems,  operating  characteristics,  thrust  structure,  dimensions  and  mass  ptopetties  are  detailed  as  well 
as  the  as5oci^i/cd  key  pri/pulsion  system/vehieJe  interfaces.  A brk?f  starics  of  systjetns  anal;^is  mil  also 
be  covered  including:  Unist  vector  controi  requtren^^,  engine  out  pcxtsibiUiies,  propulsion  system 
failure  modes*  survivbg  system  requirements  and  technology  requiremeiics.  The  presentation 
concludes  with  m issesmem  of  vehIcIc/propuUion  system  impacts  due  to  the  lessons  learned  in  this 
study. 


NPTJM-5^2 
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•CLUSTERED  fTTR  StUDT^ 


ciaNimAk  avMAMicx 

Sfm»SjimmGivmion 


CLUSTERED  NTR  STUDY  OBJECTIVE 


'To  develop  a top  level  assessment  of  the  feasibility  of  clustering 
Nuclear  Thermal  Rocket  engines." 


A NASA  reference  vehicle  and  mission  scenario  were  given. 


The  approach  then  was  to  develop  four  propulsion  system  designs 
that  could  be  used  as  reference  configurations  for  future 
engineering  assessments. 

The  Study  addresses: 

- Two  and  three  engine  propulsion  system  designs  with  either 
boost  pumps  or  run  tanks  for  engine  start  up 

- Thrust  Vector  Control  (TVC)  Requirements 
•>  Engine  out  possibilities 

• Propulsion  system  Failure  modes 

- Technology  requirements 


Vs. 


/ 

ms  1/7/92 


The  objective  of  the  study  was  to  develop  propulsion  system  designs  that  couJd  be  integrated  with  the 
provided  reference  vehicle  and  fly  the  provided  reference  mission.  Four  propuision  system  options 
were  developed  using  two  and  three  engines  with  either  boost  pumps  or  nm  timks  for  engine  start  up. 
Our  intent  was  to  develop  propulsion  systems  with  a cluster  of  NTR  engines  that  could  be  used  as 
reference  configurations  for  future  systems  optimkatioa  In  doing  this  we  considered  the  following 
system  issues:  TVC  requirements*  Engine  out  possibilities,  piopulsioii  system  failure  modes  and 
technology  development  requirements. 
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the  study  was  a five  week  effort  beginning  the  first  week  of  December  1991  • with  a Christmas  holiday 
in  the  middle  and  ending  on  Jan.  15»  1992.  The  propulsioo  system  preliminary  designs  and  systems 
analysis  were  primely  completed  in  the  first  thr^  weeks  of  the  study.  The  remainder  was  used  for 
analysis  and  d^ign  iterations  as  well  as  presentation  preparatioa 
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CLUSTERED  ENGINE  STUDY  FLOW 
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• Engine  $pec*s 

• Vehicle  Data 

• Reference  Trajectory 


Primary  Study  Activity 
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Major  Issuee 


• Radiation  Shielding 

• Thrust  Vector  Ctl 

• Propulsion  Options 
' Thrust  Structures 
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Mass  Properties 
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Study  Produole 


Proputelofi  System  Configuratlona 
Peed  Syatem  Oevelopment 
Operating  Characteristics 
Fluids  System  Schematics 
Thrust  Structure  Sizing 
Key  System  interfaces 
System  Mass  Properties 
Engine  Fsiiure  Modes 
Mission  Performance 
Rasctor  Burn  Tims  Reg's 
Thrust  Vector  Control  Reg's 
Technology  Development  Reg's 
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The  study  was  initiated  with  a scries  of  NASA  LeRC  provided  groundnilcs  and  rcquirenicnts.  Hiesc 
were  provided  in  appendix  form  and  served  as  the  point  of  departure  for  the  NTP  vehicle,  mission, 
engine  and  propulsion  system. 

The  primary  study  activity  consisted  of  developing  preliminary  propulsion  system  designs  for  two 
and  three  engine  propulsion  systems  with  either  run  tanks  or  boost  pumps  for  engine  start  up.  As 
these  propulsion  systems  were  developed,  several  design  issues  arose.  Design  issues  were  addressed 
at  LcRC«<}DSS  weekly  telecons  where  issues  were  raised,  resolved  and  the  resulting  <tecision(s) 
wm  applied  to  the  design  work.  This  iteration  process  continued  throughout  the  study. 

Upon  completion  of  the  design  phase,  mass  properties  were  developed  and  a series  of  systems 
analysis  took  place.  The  systems  work  concentrated  on  issues  relating  to  the  engine  out  scenario. 
This  analysis  allowed  us  to  quantify  thrust  vector  control,  reactor  bum  time  and  technology 
requirements  as  well  as  assess  impacts  to  the  vehicle  such  as  mission  performance  penalties  and 
failure  modes. 
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The  reference  trajectory  is  a short  opposition  type  trajectory.  It  is  developed  around  the  2014 
mission  opportunity  and  includes  a Venus  swingby  on  Earth  lenim.  The  outbound  leg  lasts  150  days 
and  include  three  perigee  bums  for  Earth  departure.  Upon  arrival  at  Mars^  the  crew  performs  a 
surface  science  mission  lasting  90  days.  The  Earth  return  leg  lasts  310  days  and  inclutks  a single 
bum  for  Mars  departure.  Note  that  there  is  a robust  Mars  powered  flyby  abort  mode  available 
should  a problem  occur  after  Trans  Mars  Injeciion<TMI)  or  before  Mars  orbit  capmre(MOC). 

TMI»  MOC  and  Trans  Earth  Injection  (TEI)  bums  were  considered  in  our  engine  out/mission 
performance  analysis.  We  consider  cases  for  either  I or  2 engines  out  for  the  boost  pump  and  run 
tank  based  propulsion  system  options. 


NP-llM-92 


395 


NTP:  System  Concepts 


REFERENCE  VEHICLE  DESIGN 


-CLtOTERffO  mu  STUDY—' — — — 

REFERENCE  MARS  TRANSFER  SYSTEM 
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• Vehicle  assessed  from  core  tank  aft 

• Primary  Vehicle  Modifications: 

• Core  Propellant  Tank 

(For  Boost  Pump  Config's  Only) 

• Thrust  Structures 

• Run  Tanks 

• Reactor  Shields 

• Reactors 

• Nozzle  Extension 
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Our  analysis  concentrates  on  the  vehicle  elements  from  the  core  tank  and  aft.  The  core  propellant 
tattle  ia  for  the  bo@at  puniit  e»<ie.  Siairid  is  baseti  oil  a eombinattott  of  a fully  integraisd 

propulsion  system  launch  rccj^ircu^ni  on  cither  STS  or  Titan  IV.  This  scenario  enables  a more 
tradiuonal  intertank  adapters/thrust  structure.  In  moving  from  the  two  to  three  engine  case«  the  run 
tanks  are  re-sized  to  lake  advantage  of  a reduced  requirement  for  propellant  volume  at  start  The 
reactor  shields  are  modified  to  remove  the  center  shield  section  and  include  a sick  shields.  This  is 
done  to  reduce  shielding  mass.  The  reactors  themselves  are  also  reduced  in  size  due  to  the  reduced 
thrust  requirement  on  the  three  engine  ease.  Lastly,  an  engine  without  a nozzle  extension  was 
groundniled. 
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The  reference  engine  is  a NERVA  "full  flow"  concept  developed  by  Altseimer  of  Aerojet  Nuclear 
Systems  Company,  circa  1971.  It  is  an  engine  typical  of  that  era.  For  the  two  engine  cases*  the 
reference  75  kibf  engine  was  used*  the  three  engine  cases  utilized  a scaled  down  version  of  this 
engine  sized  at  50  klbf. 
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This  coofiguration  utilizes  two  75  klb  thrust  NERVA.  iwclcaer  thennsl  rocket  engines  with  separate  nm 
tanks.  The  run  tanks  arc  used  to  tcunifoize  pressurizatipii  gas  requirements  for  engine  start.  Gaseous 
helium  for  pressurizing  ibc  nm  tanks  is  supplied  by  higii  pressure  hotries  located  above  the  nm  tanks. 
Once  engine  start  is  achieved*  hyctegen  gas  is  bled  from  the  engines  and  used  to  pressurb^  the  core 
tank.  After  the  core  tank  is  sufndemiy  pressurized,  propellant  from  the  core  tank  is  fed  through  the 
run  tanks  m continue  to  feed  ^ cagtsea.  M the  end  of  each  bum,  the  run  tanks  may  be  filled  to 
capacity  lo  repeat  the  procedure  f«r  tb^  mxt  oigiot  ^art 

The  nm  tank,  engine*  aiKl  tlttust  struemm  combine  m form  the  prop  The  propulsion 

modaic  is  launched  seperatciy  from  the  test  of  the  vehicle  am!  is  coupled  to  the  core  tank  on  orbit. 
Fluid  sysitm  and  electrical  disconnects  and  structural  htches  are  provided  to  allow  for  on  orbit 
coupling  of  the  propulsion  module  to  the  core  tank. 

An  aluminum-lithium  (Al-U)  tubular  intcriank  truss  stmeture  transfers  die  thrust  from  the  propulsion 
modules  to  the  core  mak.  Lateral  AJ^Li  tubulsr  struts  stiiten  the  structure  for  gimballed  duust  vector 
loads  at  the  end  of  the  run  tank  afr  skirt.  Symmcaicai  Al-Li  tubular  truss  thrust  stiuctiiiies  arc  used  co 
transfer  the  engine  Uiiusi  loads  to  the  tm  lank  aft  skins. 

The  run  tanks  arc  spaced  to  allow  the  maximtiin  distatu:e  between  engines  possible  without  exceeding 
the  10  tmter  diameter  Hmii.  This  provides  a distance  of  6 meters  between  the  engim  centers  which  is 
more  than  the  5 meter  minimum  required  to  minimize  r^utropic  coupling  impacts.  This  spacing 
allows  one  engine  lo  gimbal  inbo^d  a maxiihum  of  9 degrees  with  the  other  engine  in  the  neutral 
position.  The  overall  length  of  this  configuration  from  siaii  of  imertank  adapter  to  engine  exit  is  23.5 
meters. 
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PROPULSION  SYSTEM  R-2 
Mass  Properties 

ITEIIi 

• CLUSTER  TANKED  WilGHT 
-Structuro 

- Core  Tank  Lower  Support  Structure 

- Run  Tank  Upper  Support  Structures  (2) 

- Run  Tanks  (2)  (IncluoM  insulation) 

- Run  Tank  Lower  Thrust  Structure  (2) 

->  Feed  System 
vFeeoiines 

- Val  ves 
-Disconnects 

- Gimbal  Joints 
-Line  Insulation 

- Pressurization  System 

- Helium  Bottles 

- Supports 
-Lines 

- Engine  Assemblies  (2) 

- Engines 

- External  Shields 

- Contingency  (10%) 

- Helium 

- Hydrogen  Capacity 
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NASA  LeRC  NPO/ASAO  reference  weights  were  used  for  the  engine,  shield  and  run  tank  assemblies. 
Other  weight  estimates  were  developed  by  General  Dynamics  Space  Systems(GDSS)  and  are 
estimated  fom  existing  Cenuur  system  weights  and/or  NLS  piedesign  weights.  /Ml  structural  weights 
were  calculated  using  Aluminum  Lithium  (A1 2090,  p » 0.092  lb/in^3).  The  trussed  adapter  utilized 
24  truss  eiemmtts  per  oigine.  Intertank  and  run  tank  adapters  were  assumed  to  be  $emi*monocoque 
construction.  Machined  isogrid  adapters  could  be  signiflcantly  lighter  if  no  frequency/stiffness 
problems  exist.  The  intertank  adapter  will  likely  have  many  cutouts  for  luel  lines  and/or  access.  An 
additional  25%  was  added  to  the  basic  structural  weight  in  order  to  account  for  additioiud  localized 
structure  needed  around  cutouts.  An  additional  10%  contingency  factor  was  added  to  the  GDSS 
developed  weights.  The  NASA  LeRC  NPO/ASAO  weights  were  supplied  with  contingency  included. 
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PROPULSION  SYSTEM  R-3  DESCRIPTION  & DIMENSIONS 
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This  configuration  utilizes  three  50  klb  thrust  nuclear  thermal  rocket  engines  with  separate  run  tanks. 
The  nm  tanks  are  used  to  minimize  pressunzation  gas  requirements  for  engine  start.  Gaseous  helium 
for  pressurizing  the  nm  tanks  is  supplied  by  high  pressure  bottles  located  above  the  run  tanks.  Once 
engine  start  is  achieved,  hydrogen  gas  is  bled  from  the  engines  and  used  to  pressurize  the  core  tank. 
After  the  core  tank  is  sufficiently  pressurized,  propellant  from  the  core  tank  is  fed  throu^  the  run 
tanks  to  continue  to  feed  the  engines.  At  tl^  end  of  each  bum,  the  nm  tanks  may  be  filled  to  capacity 
to  repem  the  procedure  for  the  next  engine  start. 

The  run  tank,  engine,  and  thrust  structure  combine  to  form  the  propulsion  module.  The  propulsion 
module  is  launch^  seperately  from  the  rest  of  the  vehicle  and  is  coupled  to  the  core  tank  on  orbit. 
Fluid  system  aiul  electrical  disconnects  and  structure  latches  are  provided  to  allow  for  on  orbit 
coupling  of  the  propulsion  module  to  the  core  tank. 

An  aluminum^lithium  tubular  inteitank  truss  structure  transfers  the  thrust  from  the  propulsion  modules 
to  the  core  tank.  Lateral  Al-Li  tubular  struts  stiffen  the  structure  for  gimbailed  thrust  vector  loads  at 
Uic  end  of  the  run  tank  aft  skirt.  Symmetrical  Al-Li  tubular  truss  thrust  structures  are  used  to  transfer 
the  engine  thrust  loads  to  the  run  tank  aft  skirts. 

The  nm  tanks  are  spaced  to  allow  the  maximum  distance  between  engines  possible  without  exceeding 
the  10  meter  diameter  limit  This  provides  a distaj:x:e  of  5.2  meters  between  the  engine  centers  which 
is  more  than  the  5 meter  minimum  required  to  minimize  neutronic  coupling  impacts.  This  spacing 
allows  one  engine  to  gimbal  inboard  a maximum  of  8 degrees  with  the  other  engine  in  the  neutral 
position.  The  overall  length  of  this  configuration  from  stan  of  intertank  adapter  to  engine  exit  is  21.5 
meters. 
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PROPULSION  SYSTEM  R-3 
Mass  Properties 

ilEM  WEIGHT  IN  POUMPS 


• CLUSTER  TANKED  WEIGHT 


99000 


-Structure  11760 

- Core  Tank  Lower  Support  Structure  4850 

- Run  Tank  Upper  Support  Structures  (3)  970 

- Run  Tanks  (3)  (Includes  insulation)  4440 

- Run  Tank  Lower  Thrust  Structure  (3)  1500 


- fted  System 

- Feediines 

- Valves 

- Disconnects 

- GImbal  Joints 

- Line  insulation 
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- Pressurization  System 

- Helium  Bottles 
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- Engine  Assemblies  (3) 
-Engines 
- External  Shields 
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NASA  LcRC  NPO/ASAO  reference  weights  were  used  for  the  engine,  shield  and  run  tank  assemblies. 
Other  weight  estimates  were  developed  by  General  Dynamics  Space  Systems(QDSS)  and  arc 
estimated  from  existing  Centaur  system  wei^ts  and/or  NLS  predesign  weights.  All  structural  weights 
were  calculated  using  Aluminum  Litluum  (Al  2090,  p = 0.092  lb^^3).  The  trussed  adapter  utilized 
24  truss  elements  per  ^gine.  Intertank  and  run  tank  adapters  were  assmned  to  be  semi-monocoque 
construction.  Machined  isogrid  adapters  could  be  signiflcamiy  lighter  if  no  frequency/stiflhess 
problems  exist.  The  intertank  adapter  will  likely  have  many  cutouts  for  fuel  lines  an^or  access.  An 
additional  25%  was  added  to  the  basic  structural  weight  in  order  to  account  for  additional  localized 
structure  needed  around  cutouts.  An  additional  10%  contingency  factor  was  added  to  the  GDSS 
developed  weights.  The  NASA  LeRC  NPO/ASAO  wei^its  were  supplied  with  contingency  inclutkd. 
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AU  the  structural  components  were  based  on  aluminum-lithium  construction.  Semi-monocoque 
cylindrical  tank  skirts  were  used  to  be  conservative  until  more  stress  analysis  can  be  performed 
Tubular  truss  structures  were  used  for  part  of  the  engine  thrust  structure  and  intertank  adapter. 

The  intertank  adapter  between  the  core  tank  and  the  run  tank  consists  of  the  core  tank  aft  skin,  the 
truss  structure,  and  the  nm  tank  forward  skirt  The  sizing  of  these  structures  were  based  on  either 
launch  or  flight  loads.  The  core  tank  aft  skin  and  the  truss  structure  would  be  launched  with  the  core 
tank.  Launch  loads  firom  the  fully  loaded  core  tank  would  be  transferred  through  the  aft  skirt  and  into 
a payload  adapter  bypassing  the  truss  structure.  Launch  accelerations  were  assumed  to  be  3.0g  axial 
arid  1.5g  lateral  for  a 300  klb  type  heavy  lift  launch  vehicle.  The  truss  structure  would  only  see  engine 
thrust  loads  once  the  vehicle  was  fully  assembled  The  run  tank  forward  skirt  would  be  launched  with 
the  pTopuiston  module  on  a Titan TV  type  launch  vehicle.  The  propulsion  module  would  be  launched 
empty  and  invened  such  that  the  launch  loads  would  be  taken  through  the  run  tank  forward  sSdit  and 
into  the  payload  adapter.  Launch  acccleradons  for  a Titan  IV  launch  vehicle  were  assumed  to 
2.3g  axial  and  1.5g  lateral. 

The  thrust  structure  consists  of  the  nm  tank  aft  skirt  and  tniss  stucture.  Both  of  these  structures  would 
also  need  to  withstand  the  launch  loads  from  a Titan  IV  type  vehicle  due  to  the  engine  mass  since  tl^y 
are  all  part  of  the  propulsion  module. 
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PROPELLANT  FEED  AND  MAIN  ENGINE  SYSTEM 
Two  Or  Three  NTR  Engine  Cluster  With  Run  Tank 
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A propeilaiii  feed  system  with  a nm  tank  in  addition  to  the  eorc  tank  makes  it  possible  to  start  the 
propulsion  system  without  pressurizing  the  core  tank  first  The  smaller  volun^  run  tiuik  is  pressurized  for 
engine  start  up.  When  steady  state  operation  of  the  engirds  is  established,  the  core  tank  is  pressurised  by 
autogenous  pressurization  using  hydrogen  gas  from  the  turbine  outlet  The  run  tank  is  theii  vented  enough 
CO  allow  the  tank  to  be  filled  with  pressurized  propellant  from  the  core  tank.  Two  independent  main 
turbopumps  were  chosen  for  each  engine  to  guarantee  safe  engine  operation  in  case  of  failures  in  one 
pump  system.  The  pumps  are  powered  by  preheated  gaseous  hydrogen  in  an  expander  cycle  arrangement 
for  simplicity  and  high  reliabiii^. 

The  propellant  valves  are  generally  electromechanicaL  However,  due  to  the  large  size  mam  propellant 
feed  lines  the  tank  shut-off  valves  are  pneumatically  controlled  for  fast  shut-ofif.  TIm  pilot  control  valves 
for  the  pneumatic  operated  valves  are  solenoid  operated  valves.  Pyrotechnic  valves  in  the  pneumatic 
system  guarantees  that  the  propellant  feed  system  can  not  be  inadvertently  opened  before  the  vehicle  is 
ready  for  operation. 

Helium  is  used  for  run  tank  pressurization  but  an  alternative  gaseous  Hydrogen  system  could  be  used  with 
a single  3.5  ft  diameter  low  pressure  (300  psia)  gas  storage  bottle  that  can  be  continually  recharged  with 
hydrogen  by  feeding  liquid  Hydrogen  from  the  tank  through  an  electric  heater. 

Each  engine  tn  a two  or  three  engine  configuration  has  its  own  independent  propellant  feed  system*  so 
that  with  one  engine  system  out,  the  mission  can  be  completed  with  the  remaining  cnginc(s). 
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CLUSTERED  fmt  STUDr- 


CSaNBRAL  OYNAMICS  ^ 
SpRceSysmm  Division 

R2,  R3  PROPULSION  SYSTEMS 
Operating  Characteristics 


STAHT-UE 

B:2 

R-3 

THRUST,  Ibf 

0 • 150,000 

0 • 150,000 

TIME,  min 

1 

1 

CORE  TANK  PRESS.,  psia 

26 

26 

RUN  TANK  PRESS.,  psia 

26 

26 

GIMBAL  DISPLACEMENT,  dsgrssa 

10 

6 

GIMBAL  RATE,  dagraas/s  , 

5 

3 

GIMBAL  ACCELERATION,  dagraaa/s 

20 

10 

STEAOY  STATE 

THRUST,  Ibf 
SPECIFIC  IMPULSE,  8 

56,000-150,000 

75,000-150,000 

925 

925 

MAXIMUM  BURN  TIME,  min 

60 

60 

CORE  TANK  PRESS.,  psls 

26-40 

26-40 

RUN  TANK  PRESS.,  psia 

26-40 

26-40 

GIMBAL  DISPLACEMENT,  dsgraaa 

10 

6 

GIMBAL  RATE,  dogrsss/s 

5 

3 

GIMBAL  ACCELERATION,  dagrees/s  ^ 

20 

10 

SttUIRfiYail 

THRUST,  Ibl 

150,000-380 

156,000  - 380 

COOLDOWN  PULSE  FREQUENCY,  s 

oo  • 0.0001 

- 0.0001 

CORE  TANK  PRESS.,  psia 

26-40 

26-40 

RUN  TANK  PRESS.,  psia 

26-  40 

26-40 

GIMBAL  DISPLACEMENT,  degress 

10 

6 

GIMBAL  RATH,  dsgrsas/s 

5 

3 

GIMBAL  ACCELERATION,  degre«s/s  ^ 

20 

10 
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Propulsion  system  operating  char2K:tenstics  were  established  for  the  run  tank  designs  for  stan>up, 
steady  state,  and  shutdown  conditions.  For  both  the  2-engine  and  3-engine  designs,  the  total  thmst  ramps  up 
from  0 to  150,000  pounds  in  about  I minute.  Assuming  a propellant  condition  of  saturation  at  16  psia, 
about  10  psi  pressurization  is  required  to  provide  NPSH  to  the  engine  turbopunq^s  and  to  account  for  line 
entrance  losses,  line  losses,  and  nuclear  radiation  heating  of  the  propellant  during  line  transit  The  gimbal 
angular  dispacements,  slew  rates,  and  accelerations  were  estimated  by  adding  2 degrees  displacement  to  the 
gimbal  requirements  determined  for  engine-out  events,  assuming  coiKlilions  at  the  end  of  start-up. 

For  steady  state,  it  was  assumed  that  the  total  thrust  could  vary  from  full  thrust  with  all  engines  operating 
to  an  engine-out  condition  with  the  active  engme(s)  throttled  to  75  percent  thrust  The  specific  impulse  and 
maximum  bum  times  were  assumed  to  be  unchanged  from  current  specifications.  For  planned  mission, 
it  was  estimated  that  the  propellant  vapor  pressure  would  rise  approximately  14  psi  due  to  nuclear  radiation 
heating  of  the  propellant  The  gimbal  requirements  are  the  same  as  at  the  end  of  start-up. 

The  shutdown  thrust  reduces  to  a minimum  of  190  pounds  for  the  75,(XX)  Ibf  NERVA  engines.  It  was 
estimated  that  this  minimum  requirement  would  scale  linearly  for  the  50,0(X)  Ibf  engine.  The  cooldown 
pulse  rate  will  vary  from  steady  flow  to  the  frequency  required  at  that  condition  at  the  point  cooling 
can  be  terminated  (0.0001).  The  tank  pressures  and  gimballiog  requirements  at  the  start  of  shutdown 
would  be  the  same  as  for  steady  state. 


NP-TIM-^2 


405 


NTP:  System  Concepts 


^CLUStEXED  STVDY^ 


oliiMiifMiL  AiMieii 

Spae^  Syttarm  Chilian 


INTERFACE  ELEMENTS  FOR  RUN  TANK  DiSiGNS 


RUN  Tank  vent  control 


intertank  truss 
structure 


r- ENGINE  CONTROL SS 
\ OPERATIONAL 
\ checkout 

\ r- PROPULSION  MOOOLE  SENSORS: 
\ I CONTROL  FEEDSACK 

health  monitoring 


RUN  tank 

propellant 

FEEOLINE 


pneumatic  SUPPLy  charge 

FOR  ENGINE  VALVE  CONTROLS 


-PNEUMATIC  SUPPLY  CHARGE 
FOR  Tank  pressurization  A^«) 
propellant  valve  controls 
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The  NTR  engine  interacts  with  Uie  vehicle  and  its  support  systems  through  the:  engine  controUeirs*  engine 
sensors,  control  feedback  loops,  vehicle  health  managment  systems,  tht^t  stmcttire  etc.  Each  of  these 
interface  eletnetits  is  affected  in  both  design  and  operation  by  the  propulsion  system  confipr^on.  The 
thrust  structure  for  example*  is  sensitiye  to  propulsion  system  configuration  (Rim  Tanks  vs  Boost  Buiilps* 
etc.)  which  affect  its  design  on  the  ground  (for  access  during  integration  assembly  and  checkout)  and  dii 
orbit  (depending  on  assembly  {^losophy,  assembled  vs  docked  vs  modular  propulsion  system  design).  The 
other  major  consideration  in  system  interface  inqiacts  unique  to  NTR  engine  based  propulsion  systems  is 
the  radiation  Beld.  The  propellant  feedlines  for  example  are  affected  by  engine  in  the  traditional  manner,  but 
with  NTR  one  must  also  account  for  operation  in  an  intense  radiation  environment(propeilant  heating  in 
lines).  Each  of  the  inrimary  interface  elements  are  subject  to  Optimitatioii  to  minimize  mass  While 
maximizing  safety  and  reliability.  These  systems  together  have  a significant  impact  on  the  vehicles 
performance  and  design  approach  and  should  integrated  into  any  propulsion  system  ctesign  effort 
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BOOST  PUMP  BASED  SYSTEMS 


This  configuration  utilizes  two  75  kib  thrust  nuclear  thermal  rocket  engines  hard-eoupied  to  the  com 
tank.  Pecaose  oC  the  large  ullage  volume  in  ibe  core  tank  upon  restan  on  some  missions^  an  inocdinatc 
amount  of  pressurizaiton  gas  would  be  required  to  supply  the  turbopump  NPSH  for  engine  restart. 
Accordingly,  the  propellant  in  the  core  tank  is  allowed  to  remain  at  saturated  conditions  and  boost 
pumps  am  used  to  supply  the  pressure  differential  required  to  provide  the  NPSH  and  accomodate  the 
entrance  and  line  losses,  as  well  as  the  nuclear  radiation  heating  of  the  propellant  as  it  flows  through 
the  line.  The  boost  pumps  arc  powered  by  turbine  drives  which  run  oo  pmssurized  gas.  Once  engine 
start  is  achieved,  hydrogen  gas  is  bled  from  the  engines  and  used  to  run  the  boost  pumps.  At  the  end  of 
each  bum  the  pressurization  bottles  will  be  refilled  to  repeat  the  procedure  for  the  next  engine  start. 

The  core  tank,  engines,  and  thmst  stmccure  form  one  unit  and  are  launched  together.  £hie  to  the  fact 
that  this  is  one  unit,  the  core  tank  will  be  shonened  by  approximately  1 1.7  meters  to  accomodate  the 
engines.  Extendable  nozzles  would  minimize  the  launch  vehicle  shroud  volume  losses  for  this 
conftguracion.  The  engine  spacing  used  for  this  configuration  was  the  same  as  determiiied  for  the  run 
tank  versioa  This  provides  a distance  of  6 meters  between  the  engine  centers  which  is  more  than  tl^  5 
meter  ininimum  required  to  nunimize  neutroiuc  coupling  impacts.  This  spacing  allows  one  engine  to 
gimbal  inboard  a maximum  of  9 degrees  with  the  other  engine  in  the  neutral  position.  The  overall 
length  of  this  configuration  from  stan  of  thn^^j^tnicture  to  engine  exit  is  17.2  Concepts 
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PfiOPULSION  SYSTEM  B-2 
Mass  Properties 

ITEM 

« cluster  TANKED  WEIGHT 


attNBHAb  DYNAMiCil 


WEIGHT  IN  POUNDS 

61230 


Gtrutiture 

6850 

- Core  Tank  Cylindrical  Adapter  Structure 

3666 

- Conical  Thrust  Structure 

3200 

Feed  System 
^f^ediines 

240 

1450 

-Valvei 

240 

• Manifolds 

30 

• Gimbal  Joints 

210 

- Line  Insulation 

30 

_ Boost  Pumps 

700 

Helium  System 
- Helium  Bottles 

480 

580 

• Supports 

90 

-Lines 

10 

Engine  Assemblies  (2) 
- Engines 

31480 

51320 

- External  Shields 

19840 

' Contingency  (10%) 

690 

■ Helium 

140 

Af=c  vmz 


NASA  LeRC  NPO/ASAO  reference  weights  were  used  for  the  engine  and  shield  assemblies.  Other 
weight  estimates  were  develof^d  by  Oenerai  Dynamics  Space  Systetns(GDSS)  ami  are  estiiiiated  from 
existing  Centaur  system  weights  and/or  NLS  predesign  weights.  Ail  structural  weights  were  caiculated 
using  Aluminum  Lithium  (A!  20Wi  p » 0.092  lb/in^3).  intertahk  adapteis  were  assumed  to  be 
semi-monocoque  construction.  Machined  isogrid  adapters  could  be  signiflcehtiy  ligiUir  if  no 
frequency/stiffriess  problems  exist  The  intertank  adapter  Will  likely  have  many  cutouts  for  friei 
and/or  access.  An  additional  25%  was  added  to  the  basic  Structural  weight  hi  order  to  irocavM  for 
additional  localized  structure  needed  arotmd  cutouts.  An  additional  10%  contingency  factor  was  added 
to  the  GOSS  developed  weights.  The  NASA  LeRC  NPO/ASAO  Weights  were  supplied  with 
contingeticy  included 


NTP:  Spteiii  Cbhqfepls 


408 


nM-92 


^CLUSTERED  tfTR  STUDY- 


PROPULSION  SYSTEM  B-3  DESCRIPTION  & DIMENSIONS 


aamitAL  crrNAMica 

Spm$Y^amOMm 


I 0.0m  01 A 


3.4m  OIA 
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This  configuration  utilizes  three  50  klb  thrust  nuclear  thermal  rocket  engines  hard-coupled  to  the  core 
tank.  Because  of  the  large  ullage  volume  in  the  core  tank  upon  restan  on  some  missions,  an  inordinate 
amount  of  pressurization  gas  would  be  required  to  supply  the  turbopunq)  NPSH  for  engine  restan. 
Accordingly,  the  propellant  in  the  core  taiik  is  allowed  to  remain  at  saturated  conditions  and  boost 
pumps  are  used  to  supply  the  pressure  differential  required  to  provide  the  NPSH  and  accomodate  the 
entrance  and  line  losses,  as  well  as  the  nuclear  radiation  heating  of  the  prc^ilant  as  it  Hows  through 
the  line.  The  boost  pumps  are  powered  by  turbine  drives  which  run  on  pressunzed  gas.  Once  engine 
Stan  is  achieved,  hydrogen  gas  is  bled  from  the  engines  and  used  to  run  the  boost  pumps.  At  the  end  of 
each  bum  the  fuessurization  bottles  will  be  refilled  to  repeat  the  procedure  for  the  next  en^ne  start 

The  core  tarik,  engines,  arid  thrust  structure  form  one  unit  and  are  launched  together.  Due  to  the  fact 
that  this  is  one  unit  the  core  tank  will  be  shortened  by  approximately  9.9  meters  to  accomodate  the 
engines.  The  engme  spacing  used  for  this  configuration  was  the  same  as  determined  for  the  nm  tank 
version.  This  provides  a distance  of  5.2  meters  between  the  engine  centers  which  is  more  than  the  5 
meters  required  to  mining  neutronic  coupling  impacts.  This  spt^ing  allows  one  engine  to  gimb^ 
inboard  a maximum  of  8 degrees  with  the  other  engine  in  the  neutral  position.  The  overall  length  of 
this  configuration  from  start  of  thrust  structure  to  engine  exit  is  15.4  meters. 
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PROPULSION  SYSTEM  B-3 
Mass  Properties 

ITEM 

• CLUSTER  TANKED  WEIGHT 


mmurntfutArn  onrNAMica 

5;p«ee  Symm  Div^ion 


WEIGHT  IN  PQUMDS 

66620 


-Structure 

6850 

- Core  Tank  Cylindrical  Adapter  Structure 

3650 

- Conical  Thrust  Structure 

3200 

- Feed  System 

1910 

- Feedlines 

470 

260 

- Manifolds 

20 

- Gimbal  Joints 

230 

- Line  insulation 

30 

- Boost  Pumps 

900 

- Helium  System 

900 

- Helium  Bottles 

730 

-Supports 

150 

-Lines 

20 

- Engine  Assemblies  (3) 
- Engines 

35940 

55760 

- External  Shields 

19840 

- Contingency  (1 0%) 

970 

- Helium 

210 

AFC  1/a«2 


NASA  LeRC  NPO/ASAO  reference  weights  were  used  for  the  engine  and  shield  assemblies.  Other 
weight  estimates  were  developed  by  General  EJynamics  Systcms(GDSS)  and  are  estimated  from 
existing  Centam  system  weights  and/or  NLS  piedesign  weights.  All  structural  wei^ts  were  calculated 
using  Aluminum  Lithium  (A1 2090,  p = 0.092  lb/in^3).  Intmank  adapters  were  assumed  to  be 
semi-monocoque  construction.  Machined  isogrid  aebpters  could  be  significantly  lighter  if  no 
frequency/stiffiiess  problems  exist  The  intertank  adapter  will  likely  have  many  cutouts  for  fuel  lines 
and/or  access.  An  additional  25%  was  added  to  the  basic  structural  weight  in  x^der  to  account  for 
additional  localized  structure  needed  around  cutouts.  An  additional  10%  ctmtingency  factor  was  added 
to  the  GDSS  developed  weights.  The  NASA  LeRC  NPO/ASAO  weights  were  supplied  with 
contingency  included 
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PROPULSION  SYSTEM  B-2  & B-3 
THRUST  STRUCTURE 


OIMNmAL  C3YN  AMiCS 

SfRWB  S/tfmnif  I3ivi9km 
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All  the  structural  components  were  based  on  aluminum>lithium  construction.  To  be  conservative 
semi-monocoque  structures  were  used  for  the  core  tank  aft  skirt  and  conical  adapter  until  more  stress 
analysis  can  be  performed. 

The  thrust  structure  consists  of  the  core  tank  aft  skin  and  the  conical  adapter.  The  sizing  of  these 
structures  was  based  on  launch  loads.  For  the  hard-coupled  propulsion  system  desigru  the  core  tank  aft 
skirt,  conical  adapter,  and  engines  would  be  launched  fully  assembled  to  the  core  tank.  Lauzich  loads 
from  the  fully  loaded  core  tamk  would  be  transferred  through  the  aft  skirt  mi  into  a payload  adapter 
bypassing  the  conical  adapter.  The  conical  adapter  would  have  to  transfer  launch  loads  from  the 
engine  mass  into  the  payload  adapter.  Launch  accelerations  were  assumed  to  be  3.0g  axial  and  1.5g 
lateral  for  a 300  idb  type  heavy  lih  launch  vehicle. 
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PROPELLANT  FEED  AND  MAIN  ENGINE  SYSTEM 
Two  Or  Three  NTR  Engine  Cluster  With  Boost  Pumps 


{■■NUPVAL  DVNAMICa 


Tank  Shut-off 
Controls 


Boost 

Pump 

Start-up 

Controls 


Pump 

Dischargs 

Controls 


Support  Systsm 
Controls 

Bypass  Control 


1 LEOfND  1 

Regulator 

T 

Cap 

01 

OrMlee 

a 

mitar 

3nC  Fn«umatle  Valve  1 

3&V 

Ryrotechme  Valve 

Hd 

Solenoid  Valve 

X* 

Clectromeclienlcal  Valve 

1 

Cheek  Valve 

Cool  Down 
Controls 


Each  Engins  Has  Its  Own 
Indapandsnt  Propsllant 
Fssd  Systsm 


A propellant  feed  system  with  boost  pumps  guarantees  a sufncientiy  high  net  positive  suction  head  at  the 
propellant  inlet  to  the  main  engine  p^ps  without  tank  pressurization.  The  boost  pumps  are  started  by  gaseous 
hyc^gen  firom  a storage  bottle  to  initiate  roution  of  the  boostpunqp  turbine  drive.  Ooct  the  engine  turbopump 
head  is  established*  gaseous  hydrogen  is  fed  back  from  the  engine  cooling  jacket  outlet  to  bootstrap  the 
propulsion  system  propellant  head.  Two  independent  main  turbopumps  were  chosen  for  each  engine  to 
guarantee  safe  engine  operation  in  case  of  failures  in  one  punqp  system.  The  pumps  are  powered  by  preheated 
gaseous  hydrogen  in  an  exf^mder  cycle  arrangement  for  sin^icity  and  high  reliability. 

The  propellant  valves  are  generally  electromechanical.  Due  to  the  large  size  propellant  lines  and  requirements 
for  fast  shut-off  the  main  tank  shut-off  valve  is  pneumatically  controlled. 

Gaseous  hydrogen  is  used  for  the  pneumatic  control  because  it  can  operate  with  a single  3.5  ft  diameter  low 
pressure  {300  psia)  gas  storage  bottle  that  can  be  continually  recharged  with  hydrogen  by  feeding  liquid 
hydrog^  from  the  tank  throu^  an  electric  heater  or  gaseous  hydrogen  from  the  engine  during  engine  operation. 
This  bottle  can  also  be  used  for  restart  of  the  boost  pump. 

Each  engine  in  a two  or  three  engine  configuration  as  shown  has  its  own  independent  propellant  feed  system; 
however,  other  options  arc  possible. 
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PROPULSION  SYSTEM  OPERATING  CHARACTERISTICS  - B-2,3 


START:UE 

6:2 

THRUST,  Ibf 
TIME,  min 

0-150,000 

0-150,000 

1 

1 

CORE  TANK  PRESS.,  psia 

16 

16 

QiMBAL  OISPUCEMENT,  dagraas 

12 

8 

GIMBAL  RA1E,  dagraas/a 

6 

4 

GIMBAL  ACCELERATION,  dagrM,/*^ 

25 

15 

BOOST  PUMP  DELTA  P,  paid 

10 

10 

STEAPY  STATE 

THRUST,  Ibl 

56,000-150,000 

75,000-150,000 

SPEaHC  IMPULSE,  a 

925 

925 

MAXIMUM  BURN  TIME,  min 

60 

60 

CORE  TANK  PRESS.,  pala 

16-40 

16-40 

GIMBAL  DISPLACEMENT,  dagraas 

12 

8 

QiMBAL  RATE,  dagraaa/a 

6 

4 

QIMBAL  ACCELERATION,  dagraaa/a  ^ 

25 

15 

BOOST  PUMP  DELTA  P,  paid 

10 

10 

SHUTDOWN 

THRUST, 

150,000-380 

150,000-380 

COOLDOWN  PULSE  FREQUENCY, 

oo  . 0.0001 

oo  -0,0001 

CORE  TANK  PRESS.,  paia 

16-40 

16-40 

GIMBAL  OISPUCEMENT,  dagraaa 

12 

8 

GIMBAL  RATE,  dagraaa/a 

6 

4 

GIMBAL  ACCELERATION,  dagrMS/s^ 

25 

15 

BOOST  PUMP  DELTA  P,  paid 

10 

10 
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The  propulsion  system  operating  characteristics  were  established  for  start-up,  steady  state,  and 
shutdown  conditions.  For  both  the  2-engine  and  3-engine  designs,  the  total  thrust  ramps  ^mO  to  150,000 
pounds  in  about  I minute.  Assuming  a propeliantcondition  of  samration  at  16psia,  the  boostpunq)provides 
an  additional  10  psid  to  {TOvitfe  NPSH  to  the  engine  turbopumps  and  to  account  for  line  entrance  losses,  line 
losses,  and  nuclear  radiation  headng  of  the  propellant  during  line  transit  The  gimbal  angular  dispacements, 
slew  rates,  and  accelerations  were  esdxnatedby  ackiing  2 degrees  displacement  to  the  gimbal  requirements 
determined  for  the  run  tank  designs  with  engine-out  events  and  an  additional  2 de^ees  to  t^coum  (or  the 
reduced  displacement  of  the  engines  from  the  c.g.  for  the  boost  pump  vehicle  designs. 

For  steady  state,  it  was  assumed  that  the  total  thrust  could  vtuy  from  full  thrust  with  ail  engines  operating 
to  an  engine-out  condition  with  the  active  engine<s)  throttled  to  75  p^cent  thrust  The  ^seciHc  impulse  and 
maxinuim  burn  times  were  assumed  to  be  unchanged  from  current  specifications.  For  the  planned  mission, 
it  was  estimated  that  the  shield  could  be  desigi^  u>  allow  the  propellant  vapor  pressure  to  rise  approximately 
24  psi  due  to  nuclear  radiation  heating  of  the  propellant  The  gimbal  requirements  are  the  same  as  at  the  tad  of 
start-up. 

The  shutdown  thrust  reduces  to  a minimum  of  190  pouzxis  for  the  75,000  Ibf  NERVA  engines.  It  was 
estimated  that  this  minimum  requirement  would  scale  linearly  for  the  50,000  Ibf  engine.  The  cooldown 
pulse  rate  will  vary  from  steady  flow  to  the  frequency  requir^  at  that  condition  at  the  pomt  cooling 
can  be  teiminated  (0.0001).  The  tank  pressures  and  gimballing  requtrem^ts  at  the  start  of  shutdown 
would  be  the  same  as  for  steady  state. 
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INTERFACE  ELEMENTS  FOR  BOOST  PUMP  DESIGNS 
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The  NTR  engine  interacts  with  the  vehicle  and  its  support  systems  through  the:  boost  pump  turbine  drive, 
boost  pump  turbine  return,  engine  controllers,  engine  sensors,  control  feedback  loops,  vehicle  health 
managment  systems,  thrust  structure  etc.  Each  of  these  interface  elements  is  affected  in  both  design  and 
operation  by  the  propulsion  system  configuration.  The  thrust  structure  for  example,  is  soisttive  to 
propulsion  system  configuration  (Run  Tanks  vs  Boost  Pumps,  etc.)  which  affect  its  desip  on  the  ground  (for 
access  during  integration  assembly  and  checkout)  and  on  orbit  (depending  on  assembly  philosophy, 
assembled  vs  docked  vs  modular  propulsion  system  desip).  The  other  major  consideration  in  the  system 
interface  impacts  unique  to  NTR  engine  based  propulsion  systems  is  the  radiation  field.  The  propellant 
feedlines  for  example  axe  affected  by  engine  in  the  traditional  manner,  but  with  NTR  one  must  also  account 
for  operation  in  an  intense  radiation  envtronmem(propellam  heating  in  lines).  Each  of  the  prin^  interface 
elements  are  subject  to  (^timization  to  tmmmize  mass  while  maximizing  safety  and  reliability.  These 
systems  together  have  a significam  impact  on  the  vehicles  performance  and  desip  approach  and  should  be 
integrated  into  any  propulsion  system  desip  effort 


NTP;  System  Concepts 


414 


NP-'nM92 


-CLUSTERED  mR  STVDY- 


PROPULSION  SYSTEM  COMPARISON 


Ui 

o 

z 

9P 

(Qg 

Sa 


RUN  TANK  DESIGN 

2 ENGINE  CLUSTER 

3 ENGINE  CLUSTER 
BOOST  PUMP  DESIGN 

2 ENGINE  CLUSTER 

3 ENGINE  CLUSTER 


+ 

+ 


og 

SSuj 

SK 


<A 


2S 

«»s 

so 


z 

UJ 

3 

CL 
uiQ 
z . 

= UI  H 

o>« 

ZIUO 

UJQU 


+ 

+ 


CIBNaRM.  OYNAMICa 

SpmcuSytlmtOMmt 


UI 

gS§ 


PH3in(V82 


A quaiiutive  assessment  was  made  to  compare  the  4 different  engine  cluster  configurations  studied  Some 
performance  advantage  can  be  attiibated  to  the  2>engine  cluster  designs  because  the  higher  thrust  engines 
(7S.000  lb)  have  a somewhat  better  thni$t-to-weight  ratio.  Also,  the  boost  pump  design  should  be  somewhat 
less  weight  than  the  run  tank  design  because  less  structure  is  required 

The  3<engme  installations  provide  significantly  higher  mission  reiiabiiity,  since  it  would  be  posssible  to  continue 
a mission  even  after  the  fadure  of  one  eng^.  The  mission  would  have  to  be  aborted  if  only  1 engine 
survives,  as  would  be  the  case  for  a 2'Cngine  instailadon. 

The  mission  operadons  are  simplified  widi  a boost  pump,  siiu:e  the  engine  can  be  started  at  any  dme,  whereas 
the  run  tanka  have  to  be  toj[^ped-off  before  restarting  the  vehicle  with  a nm  tank.  Also,  the  cmnplicadon 
of  changing  over  to  a core  tank  su|^ly  after  start  is  eliminated  with  the  boost  punqs  design. 

The  run  tank  design  has  somewhat  more  complicated  on-orbit  coupling  operadons  due  to  the  necessity  of  coupling 
the  individual  propulsion  mexiules  to  the  aft  core  tank.  With  the  Imst  tank  design,  the  engiiies  are  lu^  connected 
to  the  aft  core  tank. 

Since  the  2-engine  cluster  designs  require  higher  thrust  than  the  3-engine  designs,  the  development  costs  will  be 
higher  and  the  development  schedule  somewhat  longer.  A major  ctmsideratioa  is  die  cost  of  the  ground  test 
facilities,  which  is  a funedon  of  engine  size. 

While  a weighted  scoring  was  not  attempted,  it  appears  that  the  boost  pump  design  is  a somewhat  better  choice 
than  the  run  tank  design.  A 3-cngiiw  cluster  design  appears  to  be  a much  better  design  choice  than  a 2-cnginc. 
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• identify  Engine-Out  Impacts  on  Propulsion  Module  and 
Vehicle 


• Define/Modify  Propulsion  System  Requirements  to 
Accommodate  Engine-Out  (RID's) 


• Identify  Propulsion  Module  Technology  Requirements 


This  section  examines  the  impacts  of  engine  out,  documents  requirements  on  the  engine  and  vehicle  to 
survive  the  event,  and  identifies  new  propulsion  module  technology  needs. 

Our  analyses  defines  mission  phases  where  failures  could  occur . Thrust  vector  control  requirements  to 
correct  for  an  engine-out  conation  in  both  two  and  three  engine  configurations  are  given.  Mission 
performance  penalties,  in  terms  of  AV  and  additional  propeliam  required  to  abort,  is  assessed. 
Propulsion  system  failure  causes,  symptoms,  and  remedies  are  exanodned.  The  requironents  on  the 
surviving  propulsion  module  are  defined,  and  vehicle  impacts  are  discussed.  Impulsion  module 
technology  requirements  are  deHned,  and  suggested  additions  or  modifications  to  the  propulsion 
system  baseline  are  summarized. 
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ENGINE-OUT  MISSION  PERFORMANCE  IMPACTS 

Trans-Earth  Injection  (TEI) 


oibnbibiau  EsrNAMiea 

SMetSfU&mOMtien 


Mars  Orbit 
Capture 
(MOC) 


Performance  Impacts* 


/ 

Triple  Perigee  Burn 


Trans  -Mars 
Injection  (TMI) 


• Analysis  assumes  failed  engine  remains  with  vehicle 

• Performance  impacts  diminish  as  number  of  engines  increase 

• Gravity  Losses  included  In  performance  calculations 

Values  shown  are  (or  vehides  with  run  tank  based  propulsion  systems 
***  Assumes  failure  occurs  after  escape  velocity  (C3»0)is  achieved 
Assumes  engine  failure  prior  to  ir^ction  or  capture  maneuvers 
^ Delta  to  reference  round  (rip  mission  parameter  for  continuing  mission  after  failure  occurs 


✓ — 

Mission  Phase  of 
Occuring  Failure 

TMI*** 

MOC** 

•N 

TEI** 

2-Engines 
1 out 

AProp* 

(%) 

16.2 

10.2 

2.9 

ABurn* 

(%) 

72,2 

53.2 

16.3 

3-Engines 
1 out 

AProp* 

(%) 

7.96 

4.6 

1.3 

ABurn* 

(%) 

35.6 

24.7 

7.7 

3 Engines 
2 out 

L . 1 

AProp* 

(%) 

38.5 

25,1 

6.8 

ABurn* 

(%) 

162  ^ 

123 

35.5 

J 

A Mars  Transfer  System(MTS)  with  multiple  nuclear  thermal  rocket  engines  departs  from  earth  parking  orbit  on  150-day 
trip  to  mars.  The  MTS  captures  at  mars  for  90-day  stay,  then  leaves  Mars  on  310-day  return,  performing  a Venus 
swingby  enroute.  The  MTS  then  captures  into  earth  parking  orbit. 

Main  engine  failure  can  occur  at  any  of  three  mission  phases;  TMI,  MOC,  or  TEI.  During  TMI  the  main  engines  are 
utilized  for  a triple  perigee  departure  bum  from  Earth  parking  orbit.  Main  engines  are  used  again  for  MOC.  The  TEI 
bum  is  initiated  after  the  90-day  stay  on  the  surface.  The  failed  nuclear  thermal  rocket  engine(s)  remains  with  the  vehicle 
during  the  entire  mission  duration. 

Our  analysis  assesses  performance  impacts  due  to  engine  out  by  calculating  relative  additional  propellant  mass  and 
reactor  bum  time  deita*s  to  complete  the  reference  mission  on  time.  For  the  reference  mission,  total  propellant  used  was 
approximately  1 , 036 WO  lbs,  while  nominal  reaemr  bum  time  is  approximately  1 .76  hrs. 

The  amount  of  additional  propellant  required  to  compensate  for  engine-out  depends  on  which  phase  of  the  mission  it 
occurs.  For  the  TMI  phase,  full  thrust  is  maintained  until  escape  velocity  is  reached,  then  the  engine-out  condition 
occurs.  For  the  other  two  mission  phases,  engine  failure  occurs  prior  the  injection  or  capture  maneuvers. 

The  three  engine  case  affords  the  least  impact  for  a single  engine-out  condition.  A factor  of  2.0  - 2.2  less  additional 
propellant  and  reactor  bum  time  is  required  relative  to  the  two-engine  case.  For  two  and  three  engine  cases,  propellant 
and  bum  lime  impacts  are  greatly  reduced  for  MOC  and  TEI  failures  relative  to  TMI.  This  is  a result  of  the  reduced 
gravity  well  at  Mars  (.38  of  Earth’s). 

The  vehicle  with  a boost  pump  based  propulsion  system  was  also  analyzed.  Its  Apropellant  and  Abum  times  were  8% 
and  3%  lower  respectively  than  the  run  tank  case. 
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PROPULSION  SYSTEM  FAILURE  MODE  ANALYSIS 


CiBNBMAL  aVNAMICS  ^ 


NTR  Engine  System  With  Runtank 

Problem 

Impact 

Symptenw 

Olagnostlea 

Hzsm 

• COWntOt  BRANCHES 

• CORE/  RUN  TANK  PROP.  CONTROL  VLV8. 

2Br«f»ch«g 

NoOrUheon- 

Pw«a.Ofr 

Proaaure 

Abort 

F«l 

TrofiadFUHV 

NofNnat 

. RUN  TANK  PRESSURIZATION  yLVS. 

LowNPSH 

Row 

Presaure 

Ritotank 

Temporaiy  Reduced 

InstatMlity 

Ruetuatton 

Pressure 

Startup  Thrust 

• MAIN  PROPELLANT  START-UP  CTL.  VLVS. 

28rsnche« 

NoOrUncon- 

Proas.  Off 

Prosaure 

Abort 

Fail 

Trolled  Row 

Nominei 

. RUN  TANK  VENT  CTL  VLVS 

Boiling 

Row 

Resaure 

Runtank 

Rethtoo  Thrust 

instabiiity 

instatxlrtjf 

fHjctuatton 

Prestojre 

• CAS  STORAGE 

Lose 

Abort 

Proeaure 

Prosaure 

Slut  Down  Engine 

Prasture 

Misnon 

Low 

And  Al»rt 

• AUTOGENOUS  TANK  PRESSURIZATION 

Lom  Npah 

Flow 

Preesi^e 

Run-Coretank 

Reduce  Thrust 

Irutataiity 

Fkictuation 

Pressure 

• TVe  ACTUATORS  (EMA| 

Pow«r 

SiowCl 

Paiametor 

Currant 

Shut  Down  One 

Resporwe 

Response  Va 

Degree /Sm 

En^ne  Aftocted 

• CONTROitJERtEMA) 

Lose  Signal 

Lose 

Cornroend 

Voltage 

Shut  Down  One 

Control 

MoNtor 

Indicator 

Engtoe  Affects 

TAP  Variatton 

• ENGINE  CONTROULER 

Bad  Signal 

LoseContrei 

TandP 

®tofeetowrVileni8ori 

• CONTROt.  RANCHES 

ZBranchas 

Loea  Of  Flow 

RecAicedP  Or 

Valve  Position 

Shut  Down  1 Pump 

• PUMP  DISCHARGE  CTL  VLVS 

Faif  Closed 

Flow  Loss 

Irtdicator 

(Redut^  TMiSt) 

• PUMP  BYPASS  CTL  VLVS. 

Lose  Regulation 

UsaOf  Flow 

Reduced P 

P.Flow..Vhr.POa. 

Shutdown/Jettison 

• TURBINE  BYPASS  CTL  VLVS. 

1 

LosaofPCtl. 

ReduoedP 

P,  Row..  Vhr.  Pos. 

ShutdowrV<Jediaon 

• COOLDOWN  CTL  VLVS. 

f 

Loaaof  reactor 

Vapu  Fuel  Ekeffl. 

Lo  flow.  reector  1 

ShutdowrVJettuuin 

. TUH80PUMP  (ONE  OF  TWO) 

Bearings  Or 
Blades  Fait 

Reduced  Or 
No  Flow 

Pressure 

Lose 

Rowneter 

Pressure 

Shut  Down  Pump 
^ng.  Thrust  Re^) 

• THRUST  CHAMBER 

•REACTOR 

No  Coolant 
FaiiTo 

Core  Melt 
ExhausiMf 

HITento^ 

temp. 

ShutdowVJetlison 

• CONTFKJL  DRUM 

Lose  Power 

HI  Terrto* 

Tamil. 

Apply  Bedt-up 

Rotate 

Control 

Con^ 

• REACTOR  PRESSURE  VESSEL 

Overheat 

Frecitife 

HI  TS  And  Ra 

TAndP 

Shi^towniJeQison 

• NOZZLE /GASIFIER  HX. 

OVERHEAT 

FRACTURE 

HiraANORi 

TANDP 

l^totdownUesison 
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The  above  table  summarizes  the  most  serious  problems  that  can  occur  for  a nuclear  propulsion  system  with  a 
run  tank;  however,  although  they  are  also  the  least  likely  to  occur.  Many  small  failuies  can  occur  in  the 
suf^rt  systems  undetected  and  without  having  any  impact  on  the  operation  of  the  propulsion  system 
because  of  the  redundancy  and  safety  features  built  into  the  systems.  £n  most  cases  reduced  thrust  safe 

abort  is  possible. 

The  propulsion  system  include  not  only  the  main  engine  hardware,  but  also  integrated  support  systems 
containing  numerous  valves,  el^trical  switches,  regulators,  high  pressure  gas  storage  systems,  etc,  ail  of 
which  are  carefully  chosen  for  specific  functions  and  arranged  in  multiple  combinatiom  to  guarantee  safe, 
reliable  and  accurately  controlled  operation  of  the  overall  propulsion  system.  Prol^ems  associated  with  the 
propulsion  system  Is  therefore  not  <^y  related  to  the  main  haMwaie  components  but  also  to  the  many 
components  of  the  integrated  support  systems.  Problems  and  failures  in  the  overall  system  are  most  often 
related  to  the  support  systems  and  are  cktected  by  instrumentation  and  behavior  of  the  suf^it  systems. 

Problems  and  failures  in  NTR  systems  are  related  mostly  to  the  systems  and  compmiaats  which  are  similar  to 
conventional  chemical  rockets,  which  makes  it  muer  to  analyze  the  NTR  systems  based  on  past  experience. 
With  failures  in  the  reactor,  it  may  be  possible  to  continue  safe  operation  at  reduced  power  for  even 
extended  periods  of  time,  sizu:e  rector  life  is  greatly  increased  at  reduced  power. 

Where  practical,  electromagnetic  valves  and  actuators  were  chosen  for  high  reliabilily  and  fast  rc^nse. 
Electromagnetic  hardware  has  been  demonstrated  to  be  bett^  p^omiing  than  pneumatic  or  hydraulic 
systems  in  many  applications.  Problem  areas  are  mostly  related  to  the  controllm  in  the  system  which 
therefore  require  a large  degree  of  redundancy  built  into  the  control  systems. 
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NTR  Engine  Syet.  WHh  Boost  Pump 

Problem 

Impact 

Symptoms 

Diagnostics 

Ramady 

• CONTROL  BRANCHES 

• BOOST  PUMP  START-UP  CONTROL  VALVES 

ZBrandiM 

No  Or  Uncon- 

Praaaure 

Praasure 

ShutOownPump 

Fait 

Trotted  Flow 
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W.P  Out  Of  Bound 

• MAIN  PROPELLANT START-UP  CONTROL-  VALVES 
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Flow 

Preaaure 
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Reduce  Thruat 
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Rdetuatfon 

Pressure 

• GASSTORAOE 

Um 

Abort 

Pressure 

Pressure 

Shut  Down  Engine 

Rnaaaura 
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Low 

Arta  Abort 

• TVe  ACTUATORS  (EMA) 

Lose  Power 

Slow  Control 
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Current 

ShutOownOne 

Respons® 

Responae  Va 

Degree  / See 

Engihe  Affected 

.CONTROUER(EMA) 

Lose  Signal 

Lose 

Command 

Voltage 

Shut  Down  One 

Control 

Monitor 

Indicator 

Engine  Affected 

TAP  Variation 

• ENG  INE  CONTROLLER 

Bad  Sig  nal 

LoseContiof 

T and  P 

ShutdowrVJeMson 

• CONTROL  BRANCHES 

2 Branchee 

Loss  Of  Row 

Reduced  P Or 

VaNe  Position 

Shut  Down  1 Pump 

• PUMP  DISCHARGE  CTL.VLVS 

Fait  Closed 

Row  Lose 

Indinior 

(Reduce  Thrust) 

• PUMP  BYPASS  CTL.  VLVS. 

Lose  Regulatiof 

Lose  Of  Row 

ReducedP 

P,  Row..  VIv.  Poa. 

SfaHdowrVJettison 

* TURBINE  BYPASS  CTL.  VLVS 

1 

Lose  of  P CI 

ReduoadP 

P,  Row.,  VJv.  Poa. 

ShutdowrYJettison 

• COOLDOWN  CTL.  VLVS. 

♦ 

Lose  of  raactar 

Vapi  Fuel  Elerr 

U flow,  H reactor 

r Shutdown/JeSleon 

. rURBOPUMP  (ONE  OP  TWO) 

Bearings  Or 
Biadaafail 

Reduced  Or 
No  Row 

Preaaure 

Lose 

Rowmeter 

FYsasure 

1 

ShutOownPump 
(Eng.  Thrust  Reduc.) 

• THRUST  CHAMBER 

1 

• REACTOR 

No  Coolant 

Core  Melt 
Exhausted 

FBTemp. 

Temp. 

ShutdowrVJeSison 

•CONTROL  DRUM 

Fail  To 

Loae Power 

HTemp. 

Temp. 

Apply  Back-up 

Rotate 

Control 

i 

Conkol 

• REACTOR  PRESSURE  VESSEL 

Overtieat 

fracture 

HITaAfxfPs 

TAndP 

ShutdowrYJottlson 

•NOZZLE/ GASIFIER  HX. 

Overheat 

Fracttire 

HI  TS  AND  Ps 

TANDP 

Shutdown/Jettison 
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The  above  table  summarizes  the  most  serious  problems  that  can  occur  for  a nuclear  propulsion  system  with  a 
boost  pump;  however,they  are  also  the  least  likely  to  occur.  Many  small  failures  can  occur  in  tlw  support 
systems  undetected  and  without  having  any  impact  on  the  operation  of  the  propulsion  system  because  of  the 
r^undancy  and  safety  features  built  into  the  systems.  In  most  cases  reduc^  thrust  or  safe  abort  is  possible. 

The  propulsion  system  includes  not  only  the  main  engine  hardware*  but  also  integrated  suppon  systems 
conuining  numerous  valves,  electrical  switches,  regulators,  high  pressure  gas  storage  systems,  etc,  all  of 
which  are  carefully  chosen  for  specific  functions  and  arranged  in  multi{^e  combinations  to  guarantee  safe, 
reliable  and  accur^y  controlled  operation  of  die  overall  propulsion  systeoL  Problems  associated  with  the 
propulsion  system  is  thereftne  not  only  related  to  the  main  ha^waie  components  but  also  to  the  many 
components  of  the  integrated  siqipon  systems.  Problems  and  failures  in  the  overall  systm  are  most  ofiten 
related  to  the  su^xnrt  systems  are  (ktected  by  insorumemation  and  behavior  of  die  support  s^tems. 

Problems  and  failures  in  NTR  systems  arc  lelatcd  mostly  to  the  systems  aiui  compoi^nts  which  arc  similar  to 
conventional  chemical  rockets,  which  makes  it  easier  to  analyze  the  NTR  systems  based  on  past  experiem^e. 
With  failures  in  the  reactor,  it  may  be  possible  to  coiuinue  safe  operation  at  reduced  power  for  even  extended 
periods  of  time,  since  reactor  life  is  greatly  increased  at  reduced  power. 

Where  practical,  electromagnetic  valves  and  actuators  were  chosen  for  hi^  reliability  and  fast  response. 
Electromagnetic  hardware  has  been  demonstrated  to  be  better  performing  than  pneumatic  or  hydraulic 
systems  in  many  applications.  Problem  areas  arc  mostly  related  to  the  controllers  in  the  system  which 
therefore  require  a large  degree  of  redundancy  built  into  the  control  systems. 
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nmaitAi.  evivAMiea  ^ 

THRUST  VECTOR  CONTROL  REQUIREMENTS 

• FLIGHT  PATH  STEERING 

• VEHICLE  C.G.  OFFSET 

• THRUST  DIFFERENTIAL 

• NON-UNIFORM  DEPLETION  OF  PROPELUNTS 

• ENGINE-OUT 

• TANK  JETTISONING 

• ENGINE  JETTISONING 

• PROPELLANT  SLOSHING 

• VEHICLE  ELASTIC  MOTION 


PHS 


Various  vehicle  factors  have  to  be  ccmsidcrcd  in  determining  the  thrust  vector  control  requirements  for 
a space  vehicle. 

A basic  consideration  is  the  flight  path  steering  requirement.  For  an  orbit  launched  vehicle,  this 
requirement  is  mmimaland  is  not  critical . 

A number  of  aligtHnent  factors,  iru:iuding  thrust  diffeiemial,  vehicle  c.g.  offset,  non-uniform  depletion 
of  propellant,  engine-out,  tank  ^tdsoiung,  and  engine  jetdsoriing,  require  adjustment  of  the  thrust 
vector. 

Propellant  sloshing  and  vehicle  elastic  motion  may  be  coupled  and  must  be  considered  in  that  omtext 

While  a comprehensive  survey  has  rK>t  been  sK:compllshed  for  this  study,  it  was  recognized  that  the 
engine-out  event  could  have  a major  impact  on  the  requiremoits.  Accordingly,  an  assessment  of  dtis 
particular  factor  was  made  to  obtm  an  indication  of  the  magnitude  df  the  lecpiiimeut 
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SURVIVING  PROPULSION  MODULE  REQUIREMENTS 


• Reactor  burn  time  requirements  could  increase  by  7%  to  35%  for  the  three 
engine  case  and  16%  to  70%  for  the  two  engine  case 

• If  no  engine  jettison  capability  incorporated  in  design,  surviving  propulsion 
modules  must  be  able  to  function  in  intense  radiation  and  thermal  environment 
caused  by  disabled  engine 

• GImbal  requirements  for  run  tank  designs  are  worst  for  1 of  2 engines  out  at 
maximum  displacement,  rate  and  accelleration  of  7.5®,  3.5®/sec  and  20°/sec''2 
respectively 

• Gimbal  mechanism  must  be  robust  and  capable  of  vehicle  control  for  extended 
duration  at  or  near  the  maximum  engine  out  null  position  of  5® 
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THRUST  VECTOR  CONTROL  REQUIREMENTS 
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FLIGHT  PATH  STEERING 

VEHICLE  C.G.  OFFSET 

THRUST  DIFFERENTIAL 

NON-UNIFORM  DEPLETION  OF  PROPELLANTS 

ENGINE-OUT 

TANK  JETTISONING 

ENGINE  JETTISONING 

PROPELUNT  SLOSHING 

VEHICLE  ELASTIC  MOTION 
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Various  vehicle  factors  have  to  be  considered  in  determining  the  dtnist  vector  control  requirements  for 
a space  vehicle. 

A basic  consideration  is  the  flight  path  steering  requitemoit  For  an  orbit  launched  vehide,  this 
requirement  is  tnininiaiand  is  not  critical  (unless  a meteor/debris  avoidance  system  is  included). 

A number  of  alignment  factors,  including  thrust  differential,  vehicle  c.g,  offset,  non>-unifor!n  depletion 
of  propellant,  engine-out,  tank  jettisoning,  and  engine  jettisoning,  tequlre  adjustment  of  the  thrust 
vector. 

Propellant  sloshing  and  vehicle  elastic  motion  may  be  coupled  and  must  be  considered  In  that  context 

While  a comprehensive  survey  has  not  been  ac^mplished  for  this  study,  it  was  recognized  that  the 
engine-out  event  could  have  a major  impact  on  the  requirements.  Accordlnf^y,  an  assessment  of  this 
particular  factor  was  made  to  obtain  an  indication  of  the  magnicude  of  the  lequii^ent 
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A dynamic  guidance  and  control  simulation  was  developed  to  examine  the  vehicle  control  response  and 
engine  gimbailing  requirements  for  the  case  where  one  engine  of  2 fails.  The  vehicle  mass  distribution 
was  examined  and  it  was  concluded  that  the  worst  case  could  be  approximated  with  the  Mars  transfer 
injection  maneuver  tanks  jettisoned  and  the  aft  core  tank  full  of  propellant.  Instantaneous  shutdown  of 
the  faulted  engine  also  was  assumed  for  the  worst  case. 

A control  loop  was  formulated  and  typical  PID  (Proportional  hitegral  Differential)  control  gains  were 
applied  to  obtain  what  appeared  to  be  favorable  resuiis.  As  indicated  in  the  plots  of  the  results,  the 
maximum  vehicle  alignment  excursion  is  less  than  I degree  (occurring  about  4.5  seconds  into  the 
transient)  and  the  excursion  rate  is  about  0.3  dcgrecs/sccond  (at  2 seconds  after  engine  thrust 
termination).  The  maximum  engine  gimbal  response  is  approximately  7.5  degrees  (at  3.5  seconds) 
requiring  a maximum  gimbal  rate  of  about  3.5  degrccs/sccond  (at  about  1 second).  The  engine-out  null 
position  is  about  5 degrees  parallel  to  the  radial  position  vector  of  the  faulted  engine. 

The  control  simulation  maximum  gimbal  acceleration  is  about  20  dcgrees/sccond . This  compares  with 
a total  deflection  rate  of  1 14  degrecs/sccond^for  the  Centaur  engines. 
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THRUST  VECTOR  CONTROL  REQUIREMENTS  - 1 of  3 Engines  Out 
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A dynamic  guidance  and  control  simulation  was  developed  to  exaitiiiie  the  vehicle  control  response  and 
engine  gimballing  requirements  for  the  case  where  one  engine  of  3 fails.  The  vehicle  mass  distribution 
was  examined  and  it  was  ^m^luded  that  the  worst  case  could  be  approximated  with  the  Mars  transfer 
injection  maneuver  tanks  jettisoned  and  the  aft  core  tank  full  of  propeUanc  Instantaneous  shutdown  of 
the  faulted  engine  also  was  assumed  for  the  worst  case. 

A control  loop  was  formulated  and  typical  PID  (Proportional  Integral  Di^Ti^texuiai)  control  gains  were 
applied  to  obtain  what  appeared  to  be  favorable  results.  As  indicated  in  the  plots  of  the  residts,  the 
maximum  vehicle  alignment  excursion  is  less  than  0-5  degree  (occurring  about  4.5  seconds  into  the 
transient)  and  the  excursion  rate  is  less  than  0.2  (fegrccs/sccond  (at  2 secomis  after  engine  thrust 
tennination).  The  maximum  engine  gimbal  response  is  ai^iroximately  4 degrees  (at  3.5  seconds) 
requiring  a maximtim  gimbal  rate  of  2 degrecs/sccoiKi  (at  idtout  I second).  The  eng^^ut  null  position 
is  about  3 degrees  parallel  to  the  radial  position  vector  of  die  faulted  engine. 

The  control  simulation  maximum  gimbal  ac^leradon  is  about  10  degrees/second . This  compares  with 
a total  deflection  rate  of  1 14  degrecs/sccond  for  the  Centaur  engines. 
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CONCLUSIONS  - THRUST  VECTOR  CONTROL  REQUIREMENTS 


ENGINE-OUT  REQUIREMENTS:  1 OF  2 

DISPUCEMENT,  degrees  7.5 

RATE,  degrees/second  3.5 

ACCELLERATION,  degrees/s^  20 

NULL,  degrees  5 


1 OF3 

4 

2 

10 
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THE  ENGINE-OUT  REQUIREMENTS  FOR  THE  BOOST  PUMP 
DESIGNS  WILL  BE  GREATER  AND  SHOULD  BE  ANALYZED. 

TANK  AND  ENGINE  JETTISON  CONDITIONS  COULD  BE  SIGNIFICANT 
AND  SHOULD  BE  ANALYZED. 

ALLOWANCE  OF  ABOUT  2 DEGREES  APPEARS  TO  BE  ADEQUATE 
FOR  OTHER  REQUIREMENTS. 


PHS  1/8/92 


The  ihrusi  vector  control  requircir^ms  have  been  determined  for  the  engine-out  event  for  the  vehicle 
designed  with  a run  tank.  The  displacement,  gimbal  rate,  gimbal  acceleration,  and  null  position  are 
about  twice  as  great  for  the  3 engine  installation  with  the  run  tank  design  as  they  are  for  the  2 engine 
installation  of  the  same  basic  design.  For  the  designs  with  the  run  tank,  the  requirements  do  not  appear 
to  be  excessive.  The  requirements  for  the  boost  pump  propulsion  system  designs  could  be 
significantly  greater,  however,  and  the  should  be  analyzed. 

The  requirements  for  tank  and  engine  jettison  events  could  also  be  significant  and  should  be  analyzed. 
In  any  case,  however,  these  events  would  not  be  concurrent  with  the  engine-out  event  and  therefore 
should  not  increase  the  overall  gimbailing  requirements. 

Some  other  conditions  and  events,  such  as  propellant  sloshing,  could  be  concurrent  with  enginc*Out. 
Such  additional  requirements  should  not  be  major,  however,  and  probably  can  be  covered  with  a 
nominal  allowance  of.  say,  2 deuces. 
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TiCHNOLOGY  REQUIREMENTS 

1)  Robotic  Coupling  Tools/Techniques  • On-orbit  Assembly  Of 
Com  Tanks  & Pro|XJlsion  Modules 


2}  On-orbit  Propellant  Transfer  • Top-off  Propellant  Tanks  For 
Maximum  Capability  Missions 


3)  Boost  Pumps  - Six  Times  Mass  Ftaw  Of  Centaur,  GH2  Turbine 
Drive 


4)  Radiation  Hardened  Thrust  Vector  Controlers  And  Engine 
Controllers  - Gamma  Heating  And  Charged  Particle  Upsets 


5)  Run  Tank  Vent/Fill  Systems  - Vent  GHe  From  Run  Tank  For 
In-space  Restarts 


6)  Mixing  Conditions  With  Bulk  Heated  Propellant  - Predict  LH2 
Temperature  For  Turbopump  Restart  Conditions 


7)  Engine  Jettison  System  - Reduce  Engine-out  Vehicle  Mass.  Prevent  Good  Engine 
Obstruction  By  Dysfunctional  Engine 

8)  Integrated  Health  Monitoring  & Built-In  Test  - Reduce  In-space  Checkout  Time/ 
Cost,  Automatically  Compensate  For  failed/off-nominal  Conditions 
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Robotic  coupling  tools/  techniques  refers  to  the  need  for  an  OMV-type  tug  with  mechanical 
manipulation  capbtlities.  This  tool  would  be  used  to  mate  core  taidts,  ainuUiMy  tanks,  propulsion 
modules  and  other  components  after  delivery  by  launch  vehicle  to  an  assembly  orbit 
On-orbit  propellant  tranter  capability  would  be  needed  to  compensaie  bodoff  diiuing  asso^ 

periods,  and  undertaiddng  done  to  ks^  within  launch  vehicle  delivery  consirmts. 

Boost  pumps  were  developed  for  Centaur.  However,  those  needed  for  an  hflU  stage  woiddi^^ 
maintain  six  dmes  their  mass  flow.  Centaur  turbopumps  wem  driven  by  Hy^^n  l^xide.  Those 
an  NTR  stage  mi^  require  special  materials  since  driven  by  GH2  from  ermine  cooling  jadmt 
Radiation  hardened  controllers  for  the  engine  and  fluid  system  valves  will  be  required  Normal  Centaur 
electromes  would  be  subject  to  gamma  healing  damage  ax^i  clmged  panicle  upset 
Rtm  tank  vent^  systems  must  be  developed.  At  mission  start  ^ rmi  tank  Is  pressurized  with  GHe. 
After  MECO 1,  proi^liam  from  core  tardcs  is  to  ftil  and  flow  thru  the  run  tanks  to  the  e^in^.  ior 
minimum  ullage,  pressurization  gases  i^ed  to  be  vented  from  nin  laidt  before  it  revives  with  the 

copi  propellam. 

conditions  widi  bulk  heated  |»t^Uant  need  to  be  examined  wids  CFP  cod^  and  eiq)crimental 
rinmiators  able  to  model  and  preettet  existance  of  either  stridried  or  dirndl  nui^  pn^ilam 

conchdons.  Unlike  circuladcm  mixed  fluid,  stradfted  propeOant  could  allow  iMHi'Un^onn  tmcqperanire 
of  LH2  delivered  to  uirbopunq^  inlets  over  the  duradon  of  tank  dam.  Additional  tank  pesmiizadon, 
which  could  Impact  design,  would  be  needed  to  ensure  net  posidve  suction  head  conditons  were  met  at 
aildmes. 

An  engine  jettison  system  to  discard  a disfuncdonal  propulsion  module  would  reduce  the  mass  of  d» 
vehicle,  and  dus  the  performance  impact  of  engine<out.  It  wouideliminam  the  ^sibility  of  a dead 
module  staying  cridcal  and  physically  distorting  to  obstruct  gimbailing  the  remaining  m^le. 

IHM  and  Smait  Bit  allow  automated  checkout  to  reduce  the  cost  of  in-space  operadons.  It  also  allows 
off-  nominal  and  inipiem  failure  condiuons  to  be  compensated  for  at  eiectromc  speed. 
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SUMMARY  AND  CONCLUSIONS 
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• A cluster  of  multiple  propulsion  modules  coupled  to  a core  tank 
is  feasible 

• Hard  coupling  multipie  nuclear  thermal  rocket  engines  to  a core 
tank  Is  an  attractive  alternative 

• Boost  pumps  utilized  for  engine  start/restart 

- Upper  and  lower  core  tanks 

- Propulsion  system  integrated  and  checked  out  on  the  ground 
for  single  launch  on  an  HLLV 

• Three  engine  cluster  appears  to  be  more  desirable  than  two  engine  duster 

- Higher  reliability 

• Less  performance  penalty  in  engine  out  scenario 

- Reduced  reactor  bum  time  requirements  in  engine  out  scenario 
' Lower  thrust  engines  may  cost  less  to  develop 

• May  not  be  desirable  to  abort  with  1 of  3 engines  out,  after  TMI 

• Mininral  reactor  and  propellant  penalties,  great  mission  success  benefits 

. ...  . / 
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PROPULSION  SYSTEM  ISSUES 

• NUMBER/THRUST  OF  ENGINES 

• ABORT  STRATEGY  VS.  NUMBER  OF  ENGINES 

• SINGLE  VS.  DUAL  TURBOPUMPS  - F{NO.  OF  ENGINES) 

• NPSH  SUPPLY  CONCEPT  (RUN  TANK  VS.  BOOST  PUMP) 

. ENGINE  JETTISON  PROVISIONS 

• RADIATION  HARDENING  OF  ENGINE/TVC  CONTROLLERS 

• FEASIBILITY  OF  VARIABLE  INTERNAL  SHIELD  (VS.  SPLIT  SHIELD) 

• ROBOTIC  REQUIREMENTS  FOR  ON-ORBIT  COUPLING 

• ON-ORBIT  PROPELLANT  TRANSFER  REQUIREMENTS 

• ENGINE  CHECKOUT  REQUIREMENTS 

• ENGINE  HEALTH  MONITORING  REQUIREMENTS 
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A number  of  major  issues  have  to  be  resolves  in  order  to  adequately  specify  the  propulsion  syiem  for  a 
nuclear  space  transfer  vehicle.  The  number  and  thrust  of  the  engines  must  be  detennincd  based  on  an 
analysis  of  the  initial  and  ultimate  mission  requirements,  the  cost  of  ground  test  facilities,  and  launch 
manifest  considerations,  as  well  as  the  rciiability  and  engine-out  capablilty  of  the  engine  cluster.  The 
vehicle  abort  strategy  and  resolution  of  the  requirement  for  single  vs.  dual  turbopumps,  in  turn,  are 
dependent  upon  the  decision  on  the  number  of  engines  in  the  cluster. 

The  necessity  for  reactor  cooling  of  a faulted  engine  can  be  avoided  and  abort  mission  perfonnance  can 
be  improved  if  the  faulted  engine  can  be  jettisoned.  The  experience  available  from  the  launch  of  500 
Atlases  with  jettisoned  booster  engines  should  be  applied  to  determine  what  jettison  features  can  be 
used  with  the  clustered  nuclear  roclcet  propulsion  system. 

A major  weight  savings  can  be  achieved  if  the  engine  thrust  chamber  can  be  developed  with  a variable 
internal  shield.  This  is  particularly  critical  with  a clustered  engine  installation  where  side  shielding  is 
required  to  protect  the  adjacent  run  tartk  (or  far  side  of  the  core  tank  bottom,  in  the  case  of  the  design 
with  a boost  pump).  Accordingly,  the  feasibility  of  designing  the  thrust  chamber  with  a variable 
internal  shield  should  be  explored. 

On-orbit  issues  mclude  coupling  of  the  propulsion  module  to  the  vehicle  and  propellant  transfer.  The 
requirements  for  these  operations  should  be  analyzed  in  the  context  of  design  and  development 
implications. 

In  order  to  establish  the  number  and  type  of  control  and  sensor  interface  connectors  that  must  be 
provided,  a defmiuon  of  the  engine  checkout  and  health  monitoring  requirements  must  be  derived. 
These  requirements  could  have  a major  impact  on  the  concept  and  location  of  the  connector  panels  used 
for  coupling  the  propulsion  module  to  the  vehicle. 
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SUMMARY  AND  CONCLUSIONS 

• Engine  jettison  capability  is  a must 

- Jettisoning  failed  engine  will  improve  reactor  and  propellant 
abort  margins  as  well  as  reduce  radiation  and  thermal  protection 
requirements  on  the  surviving  propulsion  module(s) 

• Radiation  hardening  of  engine/TVC  controllers  should  result  in  substantial 
weight  savings 

- the  alternative  is  local  electronics  shielding  or  side  shields  on  reactor 

- Ability  to  harden/locally  shield  will  drive  selection  of  tVC  actuator 

• Side  shielding  of  reactor  may  offer  substantial  design/operations  benefits 

- Reduce  disk  shield  mass 

- Simpler  installation  on  ground  or  in  orbit 


• TVC  actuator  displacement  and  gimbai  rate  and  power  requirements 
are  within  current  state  of  the  art 
- Displacement  and  rate  calculated,  actuator  power  by  analogy 
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SUMMARY  AND  CONCLUSIONS 

• Propulsion  system  design  is  dependant  on  maiwating  requirements 

• On  orbit  propellant  transfer  for  tanking/topping  propellant  tanks 

• Run  tanks  should  be  launched  empty 

- Large  surface  area/volume  ratio  and  on  orbit  assembly  time 
• Reduce  structural  mass  requirements 

• Integrated  health  management  is  a must  for  any  NTR 

- IHM/Smart  Bit  architecture  implications  will  have  significant  impact 
on  propulsion  system  mass  and  reliability 

*The  Earth  to  Orbit  lift  and  volume  constraints,  coupled  with  on  orbit 
operation  significantly  affect  the  propulsion  module/system  design 
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NTP  Comparison  Process 


Sandusky,  OH 
October  2,1992 


Robert  Corban 
Nuclear  Propulsion  Office 
NASA  Lewis  Research  Center 
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NTP  Systems  Engineering  Process 

The  systems  engineering  process  is  shown  above  is  for  the  concept  definition  phase  of  the 
program.  The  process  involves  three  major  elements:  requirements  definition,  system 
definition,  and  consistent  concept  comparison.  The  requirements  definition  process  involves 
obtaining  a complete  understanding  of  the  system  requirements  based  on  customer  needs, 
mission  scenarios,  and  NTP  operating  characteristics.  A system  functional  analysis  is 
performed  to  provide  a comprehensive  traceability  and  verification  of  top-level  requirements 
down  to  detailed  system  specifications  and  provides  significant  insight  into  the  measures  of 
system  effectiveness  to  be  utilized  in  system  evaluation.  The  second  key  element  in  the 
process  is  the  definition  of  system  concepts  to  meet  the  requirements.  This  part  of  the  process 
involves  engine  system  and  reactor  contractor  teams  to  develop  alternative  NTP  system 
concepts  that  can  be  evaluated  against  specific  attributes,  as  well  as  a reference  configuration 
against  which  to  compare  system  benefits  and  merits.  Establishing  the  evaluation  criteria  will 
be  extremely  challenging  and  critical  to  the  entire  evaluation  and  selection  process.  Due  to  the 
various  disciplines  required  and  many  goals  the  system  will  be  required  to  achieve,  an  iterative 
and  participative  team  approach  must  be  utilized.  Various  methodologies  exist  for  evaluating  a 
comprehensive  set  of  evaluation  criteria:  analytic  hierarchy  process  (AHP), 
multiple-attribute-utility  method  (MAUM),  and  weighted-outranking  method  (WOM),  but 
these  provide  little  structure  in  identifying  the  key  criteria.  Quality  function  deployment 
(QFD),  as  an  excellent  tool  within  Total  Quality  Management  (TQM)  techniques,  can  provide 
the  required  structure  and  provide  a link  to  the  “voice”  of  the  customer  in  establishing  critical 
system  qualities  and  their  relationships.  The  third  element  of  the  process  is  the  consistent 
performance  comparison.  The  compari.son  process  involves  validating  developed  concept  data 
and  quantifying  system  merits  through  analysis,  computer  modeling,  simulation,  and,  if 
required,  rapid  prototyping  of  the  proposed  high  risk  NTP  subsystems.  The  maximum  amount 
possible  of  quantitative  data  will  be  developed  and/or  validated  to  be  utilized  in  the  QFD 
evaluation  matrix.  If  upon  evaluation  of  a new  concept  or  its  associated  subsystems  determine 
to  have  substantial  merit,  those  features  will  be  incorporated  into  the  reference  configuration 
for  subsequent  system  definition  and  comparison  efforts. 
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Requirements  Definition 


Customers 

Understand  who  are  our  customers 

Need  to  understand  customer  needs  & priorities 

Functional  Analysis 

AEC  selected  to  provide  requirements  management 

• RDD- 100  Systems  Engineering  Software 

• Functional  hierarchy  being  developed 

• Requirements  traceability  & verification 
"Living”  Requirements  Document  established 
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Requirements  Definition 


Customer 

A critical  element  of  the  process  is  the  identification  of  the  “custotner(s)”  and  their  particular 
desires  for  the  NTP  system.  Those  custonters  will  consist  of  the  Ptesident,  Congress,  the  Nation’s 
taxpayers,  NASA  management,  and  other  government  agencies  concerned  with  the  systems 
development  and  usage.  These  customers  will  most  likely  have  different  goals  and  objectives  that 
must  be  understood  and  satisfied.  The  “voice”  of  the  custoniers  will  be  required  to  be  part  of  the 
requirements  definition  process  to  guarantee  their  requirements  are  factored  into  the  system. 

NTP  Requirements 

The  current  top-level  requirements  for  NTP  for  meeting  currently  envisioned  SEI  missions  for 
cargo  and  piloted  Mars  missions  have  been  in  development  over  the  past  two  years.  A “living” 
requirements  document  has  been  developed  with  an  on-going  review  process  that  incorporates 
current  NTP  team  revisions  and  suggestions  and  begins  to  obtsdn  a complete  customer  “voice”  in 
the  process.  The  current  requirements  have  been  incorporated  by  Analytical  Engineering 
Corporation  (AEC)  into  Ascent  Logic’s  powerful  systems  engineering  software  the  Requirements 
Driven  Development  (RDD™)  System  Designer.  This  will  allow  for  functional  analysis, 
traceability,  component-to-funclions  mapping,  model  behavior  analysis,  and  failure  propagation 
analysis. 

Functional  Analysis 

AEC  will  be  employing  a methodology  known  as  Enhanced  Modem  Stmetured  Analysis  pMSA) 
in  the  analysis  of  the  NTP  systems.  It  will  permit  a logical  structuring  of  all  system  functions  in  a 
top-down  hierarchical  decomposition  to  draw  out  all  the  requirements  the  system  must  meet  while 
also  providing  insight  for  the  system-level  model  developers  and  mchnologists.  Various  options 
will  be  provided  to  display  the  logical  sequences  and  relationships  of  operational  and  support 
functions  that  lead  to  the  fulfillment  of  each  NTP  function.  Time  dependent  functions  will  be 
coupled  with  behavior  models  to  allow  for  time-critical  functional  analysis.  This  analysis  will  also 
develop  the  basis  for  establishing  functional  interfaces  and  identify  system  relatiDnships  required  in 
meeting  SEI  mission  goals. 
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NTP  System  Alternatives 

Initial  database  developed  on  four  concepts 
Dale  developed  based  on  consistent  rcquiiements 

Reference  Concept 

Quantily  alternative  concept  benefits 

• Risk  -Cost  -Schedule  -Pcrfonnance 

NER  VA-derived  initial  reference  due  to  significant  database 

Evaluation  Criteria 

Must  focus  on  customer  needs 
Participalive  approach 

Utilize  Quality  Functional  Deployment  (QFD) 

• TQM  tool  • Structured  & Systematic 

• Expanded  usage  possible  for  later  program  phases 


System  Definition 


NTP  System  Alternatives 

Efforts  were  funded  in  1992  by  NASA  to  develop  consistent  state-of-the-art  NTP  concept  data 
based  on  the  same  mission  and  engine  requirements  to  permit  an  apples-to-apples  comparison. 
Four  alternative  concepts  were  examined  by  various  contractors  to  evaluate  concept  feasibility, 
thrust  level  implications  in  the  range  of  25,000  to  75,000  Ibf,  test  facility  requirements,  manned 
mission  impacts,  key  component  technologies  required,  and  an  industrial  approach  to  developing 
the  system  within  the  next  decade.  The  four  concepts  examined  were  each  defined  based  on  a 
specific  nuclear  fuel  element  concept  consisting  of  NERVA  - derived,  CERMET,  Particle  Bed, 
and  a "twisted-ribbon"  fuel  element  developed  by  the  CIS. 

Rgfsm.nco..Concga 

A reference  concept  will  be  utilized  to  help  determine  quantitative  benefits  of  alternative  engine 
concepts  or  subsystem.  Significant  past  efforts  on  the  NERVA  concept  combined  with  well 
understood  improvements  makes  the  current  NERVA-derived  concept  the  logical  choice  for  the 
initial  reference  engine.  The  use  of  a reference  concept  will  help  in  determining  the  benefits  of 
alternative  approaches  to  better  quantify  the  risk,  cost,  performance,  and  schedule  impacts. 

System  Attributes 

The  process  required  for  evaluation  and  selection  of  a single  NTP  concept  must  be  able  to  provide 
a structure  that  encourages  the  participation  of  many  various  disciplines  and  provides  a focus  on 
the  customer  needs.  The  attributes  will  not  be  honored  if  they  are  not  obtained  in  a participative 
manner.  Quality  Functional  Deployment,  also  referredto  as  the  “house  of  quality,”  has 
demonstrated  an  advantage  in  providing  a systematic  and  structured  approach  to  achieving  high 
quality  systems.  QFD  identifies  the  most  important  system  characteristics,  relates  characteristics 
directly  to  requirements,  and  identifies  which  characteristics  need  to  be  controlled.  The  current 
process  will  concentrate  on  only  providing  a system  attributes  matrix  for  NTP  concept  evaluation 
due  to  the  extensive  training,  “cultural  shock,”  and  laborious  nature  in  implementing  QFD.  But, 
with  the  goal  within  NASA  to  provide  “faster,  better,  and  cheaper”  systems  through  Total  Quality 
Management  (TQM),  the  initial  use  of  QFD  can  be  expanded  to  provide  the  discipline  required  to 
achieve  this  ambitious  goal. 
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Reference  NTP  Engine 


Characteristics 

pQV(f  Cyda 
Fuol  Form 
ThRjslj(iW) 

Chambar  Ternoeraium  (K) 
CbambarPneraura  psia) 
Nozzie  Expansion  Ra:tQ 
Specific  Impulse  fsec: 

Mass  (1^)* 

Thnjst/Weight 


Expander 

Clomposite  {NERVA) 
50.000 

2700  (4860  ”R) 

765 

900 
• 6237 
4.3 


* Dual  Tufbopump  w/  nternal  Yielding  mass  (S^  kg) 


Kgx£<ai«rfta 

Proven  Technolocy  ->  Low  Risk  Approsrcb 

Optimized  Engine  cackaging/nozzle  design  for  maximum  Isp 

Optimized  flow  be.  a-'ce  to  minimize  prassure/weights 


Reference  NTP  Engine 


The  reference  NTP  concept  shown  above  was  defined  by  the  RocketdyneAVestinghouse  team. 
The  reference  concept  is  based  on  a 50,000  pound  engine  utilizing  dual  turbopumps,  200:1 
nozzle  expansion  and  composite  fuel  within  the  NERVA  fuel  element  configuration  operating  at 
2700  K and  a 785  psi  chamber  pressure.  This  NERVA  reference  engine  shown  is  preliminary  at 
this  point.  An  initial  reference  engine  and  associated  database  will  be  determined  in  the  next 
few  months. 
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QFD  Benefits 


THE  HOUSE  OF  QUALITY  PROVIDES: 


• A REQUIREMENTS  PLANNiNQ  CAPABILITY 

• A TOOL  FOR  GRAPHIC  AND  INTEGRATED 
THINKING 

• A MEANS  TO  CAPTURE  AND  PRESERVE 
THE  ENGINEERING  THOUGHT  PROCESS 

« A MEANS  TO  COMMUNICATE  THE 
THOUGHT  PROCESS  TO  NEW  MEMBERS 
OF  THE  QFD  TEAM 

• A MEANS  TO  INFORM  MANAGEMENT 
REGARDING  INCONSISTENCIES  BETWEEN 
REQUIREMENTS.  RISKS  AND  NEEDS  OF 
THE  CUSTOMER 


INTERACTION 

MATRIX 


PRODUCT 

CHARACTERISTICS 

VOICE 
Of  THE 
CUSTOMER 

P 

R 

1 

0 

R 

1 

T 

I 

E 

S 

RElATIONSHiP 

MATRIX 

COMPETITIVE 

EVALUATION 

IMPORTANCE 

RATING 

TECHNICAL 

OlFFICULTy 

TECHNICAL 

COMPLTITiVE 

BENCHMARK 

TAR6CT  VALUES 
(REOUIREMENTSI 

QFD  Benefits 


QFD  was  developed  in  Japan  in  the  late  1960’s  in  response  to  a recognized  lack  of  “quality”  in  the 
definition/design  process.  The  foundation  for  QFD  is  in  the  belief  that  systems  should  be  designed 
to  reflect  customer  needs  and  desires,  thus  requiring  all  disciplines  to  work  closely  together  from 
the  time  a system  is  first  conceived.  Quality  Functional  Deployment,  also  referred  to  as  the  “house 
of  quality,”  has  demonstrated  an  advantage  in  providing  a systematic  and  structured  approach  to 
achieving  high  quality  systems.  QFD  identifies  the  most  important  system  characterisdes,  relates 
characteristics  duectly  to  requirements,  and  identifies  which  characteristics  need  to  be  controlled. 
QFD  provides  a significant  number  of  benefits  in  obtaining  a quality  product.  Some  of  those 
benefits  are  shown  above. 
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QFD  Eyaluation  Matrix  Example 


The  QFD  matrix,  as  shown  in  the  example  developed  in  the  space  transportation  main  engine 
(STME)  program,  begins  with  the  customer  needs,  or  wants,  in  phrases  that  describe  the  system 
and  its  characteristics  in  their  owii  words.  The  wants  are  often  grouped  into  areas  of  overall 
customer  concerns  that  typically  can  include  primaiy,  secondary,  and  tertiary  levels.  Not  all 
preferences  are  equal  and  the  customer’ s needs  must  be  weighted  based  on  discussions  with  the 
customers.  The  top  of  the  QFD  matrix  lists  those  engineering  Gharacteristics  that  are  likely  to 
affect  One  or  more  of  the  customer  needs.  These  characteristics  should  describe  the  system  in 
measurable  terms.  The  body  of  the  matrix  is  filled  with  symbols  indicating  the  strength  of  the 
custoOier  needs  in  relationship  with  the  engineering  characteristics.  On  the  right-hand  side  of 
the  matrix,  current  reference  concept's  level  of  meeting  customer  expectation  and  opportunities 
for  improvement  are  determined.  The  rating  of  customer  needs  along  with  the  number  and 
strengA  of  the  matrix  relationships  provides  the  weighting  for  the  engineering  characteristics. 
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Consistent  Comparison 

Integrated  Government  Team  Formed 

Develop  & implement  system  performance  modeling 
State-of-the-art  computational  leclmiques 

Provide  and/or  Verify  Quantitative  Data 

Perform  Risk  and  Failure  Analysis 

Utilize  Established  Government  Cost  Models 


MtflCLM  mO(F>lUlLWM  craCiE 


Consistent  Comparison 


The  consistent  comparison  element  of  the  process  must  provide  and/or  verify  the  quantitative  data 
upon  which  the  concepts  will  be  evaluated.  This  data  must  be  based  on  consistent  assumptions, 
groundrules,  and  requirements.  The  data  provided  must  also  be  independently  verified  to  ensure 
proper  analysis  has  been  completed.  The  fundamental  tools  that  assist  the  systems  engineer  in  this 
process  are  the  system  performance  and  cost  models,  and  quantitative  risk  assessments. 

An  integrated  Government  team  has  been  formed  to  develop  and  implement  a strategy  for  modeling 
NTP  system  performance.  The  modeling  team  was  formed  in  order  to  integrate  state-of-the-art 
computational  resources  and  techniques,  along  with  a diverse  knowledge  base,  into  simulations  of 
NTP  system  performance.  A parametric  NTP  model  will  be  used  to  predict  the  system  performance 
for  all  defined  NTP  concepts  on  a consistent  basis.  The  model  will  also  provide  steady-state 
performance  data  for  use  in  SEI  mission  analysis  and  evaluate  system  design  perturbations.  Transient 
evaluations,  such  as  start-up  and  shut-down,  will  also  be  performed  as  the  data  and  models  become 
available.  This  will  provide  a means  to  evaluate  the  quantitative  benefits  to  the  system  based  on 
proposed  subsystem  and  component  improvements. 

Risk,  schedule,  and  cost  analysis  will  be  performed  in  addition  to  the  performance  assessments.  The 
RDD™-100  systems  en^neering  tool  will  he  coupled  with  the  Failure  Environment  Analysis  Tool 
(FEAT)  to  assist  in  the  identification  of  hardware  and  software  failure  effects  on  the  entire  system. 
This  will  ensure  that  the  concept  complies  to  redundancy,  reliability,  and  safety  requirements.  Cost 
analysis  will  utilize  established  Government  cost  models  to  quantify  cost  benefits  to  the  system  upon 
the  implementation  of  an  alternative. 
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TECHNOLOGY 
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Nuclear  Propulsion 

Tcclinical  Inicrcliange  Meeting  - 1992 

NASA-!  cwis  Rescardi  Cciilrr,  rimn  Brook  Slalion 
SaiitJusky,  Ohio,  (Xiohrr  20-21,  1992 


Nuclear  Thermal  Propulsion 
Technology  Overview 

James  R.  Stone 

NASA/LeRC  Nuclear  Propulsion  Office 


NUCLEAR  THERMAL  PROPULSION 
TECHNOLOGY  ELEMENTS 


Innovative 

Technology 


( High-Risk  ^ 

Hlgh-Payoff 
Technologies  for 
2nd  & 3rd 
Generation 
I Systems  . 


NP-nM-9^nStone/NPO/Uflb 


cm  Tech  Tst  Pin 
I Fuel"  Fab/Prod  :| 

Nuc  Fuel  Tests 
Non-nuc  Fuel  Tests 
Mtl  Irradtn  Tests 
Fuel  Elom.  Testa 
Nuc.  Furnace  Tests 
Neutronics,  l&C 
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NTP  Focused  Technology  Statili 
Innovative  Techltdogy 


• Model  DeveloprtiefitJ  Graduate  ResearGh 

• Vapor-Core  Modeling  & ixpsHmants;  INiPI 

• Cas-Core  Simulation  PacUlty:  LORC 

• PER  Stability  Modeling:  Mlt 

• PBR  Materials  Modeling;  Univ.  New  Mexioo 


^CMASA  — LEWIS  RESEAReH  CENTER 

NTP  Focused  Techiioldgv  Status 
Enabling  Technology 


• NOZZLES 

- CFD  Model  Development  (3-D  Navier-Stokes):  LeRG 

- Nozzle  Alternatives  & Optimization  Experimehts:  LeRC 

- Molecular  GFD  Plume  Model  Development:  LeRC 

•THURBOPUMPS 

-Low-NPSH  Pumping  Technology:  MSFC 

- Materials  Evaluation:  MSFC 

- 3-D  Navier-Stokes  CFD  Model  Development;  LeRC 

• STRUCTURES 

- Probabilistic  Model  Development:  LeRC 

• INSTRUMENTATION  & CONTROLS 

- High-Temperature  Sensors:  LeRC 

• MATERIALS 

- Preliminary  Sample  Prep  & Expts;  LeRC  & MSFC 


Nil*:  Techhoiogy 
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Non-nuclear  Material 


• Goal  is  usable  materials  database 

• Results  needed  early  to  support  design  and  analysis 
work 

• Advanced  and  commercially  available  materials  to  be 
studied 

• Develop  required  processing  and  characterization 
facilities 

• Tie-in  with  Base  R & T work 


Instrumentation,  Controls,  and 
Health  Monitoring 

• Large  advances  since  NERVA,  needed  for  autonomous 
ops 

• Details  of  overall  system  architecture  TBD 

• Plan  to  build  off  on-going  efforts  in  chemical  engine 
area 

• Current  LeRC  effort  concentrating  on  sensors 

• Good  progress  to  date  with  SiC 
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Turbopumps 

• LeRC  working  flow  and  performance  modeling 

• Evaluation  and  modification  of  existing  codes 

• Will  use  TPA  testbed  to  validate  model 

• MSEC  working  hardware  specifics 

• Evaluation  of  concept  options,  materials, 
technologies 

• Bearing  options  being  studied 


Nozzle  and  Extension 

* CFD  modeling  of  internal  flow 

• Fluid,  thermal,  chemical  behavior 

• 2-D  work  done  for  various  temp  and  thrust  ranges 

• Plan  to  expand  results  to  3-D,  other  nozzle  forms 


M«ch  Number  Contours  of  u Reteceiice  Nottle  Slntlc  Temperuture  Contours  of  e Roferonce  Noitli 
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Nozzle  and  Extension 

• Alternative  nozzle  design  evaluation 

• Study  of  various  alternative  nozzle  forms 

• Goal  is  performance  and  packaging  improvements 

• Small  scale  tests  to  take  place  in  mid  93 

• Promising  results  flowed  back  into  CFD  effort 


Nozzle  and  Extension 

• Probalillstic  Structural  Modeling 

• Large  Expansion  ratio  nozzles  (>200:1)  cannot  be 
ground  tested 

• Develop  analytical  ability  to  be  able  to  launch  with 
assured  reliability 

• Apply  available  prob  struct  modeling  methods  to 
NTR  nozzle 

• Input  CFD  results,  fabrication  process 
uncertainties 

• Develop  probabilistic  QA  criterion 

• Develop  design  spec  for  nozzle  and  extension 
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Content  and  behavior  of  exhaust  pfume  critical  to 
man-ratability 

LeRC  developing  validated  numerical  simulation 
capability 

• CFD  not  sufficient 

• DSMC  with  finite  difference  Boltzmann  techniques 

Will  accomodate  various  nozzle  shapes,  species, 
conditions 

• Experimental  validation  planned 


NTP  is  key  to  SEI 

Non-nuclear  technoiogies  vital  to  NTP 
Critical  technologies  identified 
Work  begun,  preliminary  results  available 
Efforts  will  continue  in  an  evolutionary  manner 
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INSTRUMEN I A1  ION  S CONTROL 
TECHNOLOGY  DIVISION 
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Silicon  Carbido  Semiconductor  Technology  for 
High  Temperature  and  Radiation  Environments 


I awir?iK;r?  U.  Malus 


Nuclear  Propulsion 

TecHnicaMnlerc!  range  MOGting  Gclobei  20-23,  1902 

figure  1:  TJ»s  talk  will  describe  silicon  carbide  technology  and  its  potential  for  enabling 
electronic  devkjes  to  function  in  high  temperalura  and  high  radiation  environments.  The  talk 
will  be  given  by  Dr.  Lawrence  G.  Malus  of  the  Instrumentation  and  Control  Technology  Division, 

NASA  Lewis  Research  Center. 
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SILICON  CARBIDE 

A Crystalline  material  with  unique  properties 

- Abrasive 

• Structural 

• Refractory 

• Somiconducting 

/y  wide  energy  bandgap 
/ High  breakdown  voltage 
Low  diolecirfc  constant 
High  thermal  conduclivily 
Able  to  dope  both  N and  P type 
High  saturated  elcclfon  drift  velocity 

CP-90.5W08 

Figure  2:  Silicon  carbide  (SiC)  has  many  unique  properties.  The  LoRC  research  program  is 
exploring  the  semiconductor  properties  of  SiC.  The  wide  onciqy  bandgap  ot  SiC  allows  H to 
function  at  high  temperatures,  the  high  breakdown  voltage  and  high  thermal  conductivity  ot  SIC 
suggests  that  power  devices  and  radiation  hard  devices  will  be  possible,  and  the  low  dielectric 
constant  and  high  saturated  electron  drift  velocity  of  SiC  opens  the  possibility  of  high  frequency 
devices.  SiC  can  be  doped  both  n-  and  p-type  for  electrortic  device  fabrication. 
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COMPARISON  OF  SEMlCONDUCTOnS 


Proporty 
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Figure  3:  Tito  properlies  of  the  two  most  common  poly  types  of  SiC  (3C-SiC,  also  caiied  beta  or 
cubic  SIC  and  6H-SiC,  also  called  alpha  SiC)  are  compared  with  the  properties  of  commercially 
available  semiconductors  and  diamond.  The  commercially  available  semiconductors  were  judged 
unable  to  meet  the  60G®C  temperature  goal  I he  LellC  program,  while  diamond  technology  was 
considered  to  be  too  far  in  the  future. 


Figure  4:  High  temperature  and/or  radiation  hard  electronic  devbes  fabricated  from  SjC  wpuW 
have  a world  of  aerospace  arid  terreslrlnl  based  nppH 
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Rtjuro  5:  Prior  1o  19Bn,  SiC  rosonrchors  Imcl  lo  rjso  small  Irrogiilnr  shnpod  Loly  SiC  samples 
for  device  studies.  Now,  Cre©  neseatch,  Inc.,  a .small  company  in  Uui liarii,  North  Carolina,  has 
made  one  inch  SiC  substrates  conmrercially  available. 
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SUBLIMATION  GROWTH  OF  6H-^SiC  BOULES 


“SIC  powder 
(2400  ^C) 


SiC  crystal 

(2200  **C) 


Argon  atni. 
(200  Pa.) 


cojw-sowa 


Figure  6:  The  dilliculty  in  producing  SiC  .suhsUates  is  that  SiC  does  not  melt.  Therefore,  the 
SiC  boule  crystal  growing  techni<|ue  involves  the  sublimalion  of  SiC  powder.  The  SIC  boule 
growth  is  carried  out  in  a higlv  temperature  furnace  where  after  the  SiC  powder  sublimes,  the 
SIC  vapor  Is  transported  along  a temperature  gradient,  and  then  deposits  onto  a SiC  seed  crystal 
which  is  at  a cooler  temperature; 
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SIC  CHEMICAL  VAPOR  DEPOSITION 
REACTION  SYSTEM 


^RFGoHs 

• ••••• 


* Water-cooled 
reaction  tube 


Graphite  susceptor 

Quarlit  - - 
support  — 

— 


6H-SIC  substrates 


CtK«04Q90r 

Figure  7:  During  the  1980s,  the  LeRC  SiC  program  developed  a chemical  vapor  deposition 
technique  for  the  heteroepitaxial  growth  of  3C-SiC  onto  silicon  8ul)slrales.  This  3C-SiC 
material  has  many  defects  because  of  the  mismatch  bi  material  properties  between  the  SiC  and 
siiicon.  However,  the  chemical  vapor  deposition  process  works  well  for  the  homoepitaxial 
growth  of  6H-SiC  onto  6H-SiC  substrates.  Our  process  uses  silane  as  the  silicon  source, 
propane  as  the  carbon  source,  and  hydrogen  as  the  carrier  gas.  For  doping  the  SiC  epilayers, 
nitrogen  gas  produces  n~type  while  trimethylaluminum  vapor  produces  p-type  SiC.  Hydroger^ 
chloride  gas  is  used  during  a pregrowth  etch.  Tlie  growth  temperature  is  1450^0.  A radio- 
frequency  generator  heals  the  graphite  susceptor.  The  growth  process  lakes  place  at 
atmospheric  pressure. 


Figure  8:  A photo  of  the  LeRC  chemical  vapor  deposition  system.  The  time  seqrience  and  flow 
rates  of  ail  process  gases  are  computer  eofitroHed. 
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6H  SILICON  CARBIDE  P-N  JUNCTION  DIODE 


NASA 


Figure  9:  Device  struclure  and  room  temperature  current-voltage  characteristics  for  a 6H- 
SiC  pn  junction  diode  that  was  fabricated  at  LeRC.  Etciring  of  the  SiC  to  produce  the  mesa-style 
pn  iunc^on  configuration  was  accomplished  by  reactive  ion  etching;  ttwe  are  no  known  wet 
chemical  etchants  for  SiC.  The  reverse  diode  characteristics  demonstrated  very  low  leakage  out 
to  the  breakdown  voltage  of  around  1000  volts.  The  forward  diode  characteristics  displayed  the 
rather  large  turn-on  voltage  associated  wiUi  the  wide  bandgap  of  SiC. 


Silicon  Carbide  Junction  Diode 

Accomplishment:  Highest  reporiecl  operational  temperature  (GOO  "C) 

for  any  p<n  junction  diode  device.  SignificanUy  Improved 
characteristics  above  400  "C.  Demonstrates  high  quality 
6H-SiC  epitaxial  film  growth  processes. 


Diode  array  l-V  Characteristics  at  600  ‘’C 


Bcnellls;  Silicon  carbide  diodes  (p-n  junctions)  are  basic  building 
blocHs  from  which  alt  future  siticon  carbide  electronic 
devices  will  be  developed 


C0«I>S3902 

Figure  10:  The  diode  array  photo  shows  SiC  diodes  of  different  sizes.  Tim  diode  sizes  range 
from  50  to  400  microns  in  diameter.  The  6H-SiC  diode  demonstrated  excellent  current-voltage 
characteristics  when  tested  to  600"C.  As  a semiconductor  material,  SiG  can  clearly  perfrxm  at 
elevated  temperatures.  The  SiC  pn  junction  is  a basic  building  block  from  which  all  future  SIC 
electronic  devices  will  be  developed. 
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Figure  11:  A pholo  docuirienling  the  operation  of  a 6H-SiC  pn  junclion  diode  at  600®G.  One 
diode,  of  the  many  pn  the  chip,  is  being  examined  on  a probirrg  station  equipped  with  a heating 
Stage.  The  forward  biased  diode  is  omiUing  blue  light  while  the  healing  stage  Is  gloving  cherry- 
red  at  600^0. 


Figure  12:  As  seen  in  figure  11,  SiC  is  an  LED  material.  This  photo  documents  for  the  first 
time,  thni  f)oll»  Gll-SiC  f)lue  I Fps  nr«|  3C  BiC  gre  err -yellow  I FPs  can  be  protfuned  on  a single 
chip.  The  ability  to  fabricate  a :3C'SiC  LEI)  is  an  indicaUon  of  the  high  quality  of  Ore  3C-SiG 
material. 
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INSTRUMBNTATiON  & CONTROL 
TECHNOLOGY  DIVISION 


SILICON  CARBIDE  WIOSFET 


lUASA- 


Mileslonc:  Develop  and  demonstrate  a high  temperature,  (400  °C), 
GH-SiG  metal-oxide'Semiconductor  field  effect  transistor 
(MOSFET) 


l~V  Characteristics 

MOSFET  Array  SIC  MOSrET  Structure  at  500  ®C 


Accomplishments:  A deplctlon'-modc  silicon  carbide  WIOSFET  has  been 
developed  and  successfully  demonstrated  at  an 
operational  temperature  of  500  ""C. 


Benefits:  Silicon  carbide  WIOSFETs  (switches)  provide  the  most 
basic  active  electronic  device  from  which  Integrated 
circuits  can  be  developed. 

CD-«t-»SM4 


Figure  13:  A deplelion-inode  6H-SiC  Melnl-Oxido'Serniconduclor  Field-Effect  Transistor 
(MOSFET)  was  dernoristrated  to  an  operating  lemperature  of  500”C.  SiC  has  silicon  dioxide  as 
Its  native  oxide,  so  many  of  the  silicon  oxidation  techniques  are  directly  importable  to  the  SiC 
technology.  The  current-voltage  characleristics  for  this  MOSFET  are  not  yet  ideal  because  the 
device  structure  and  oxide  growth  processes  liave  not  yet  boon  optimized. 
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Silicon  Carbide  JFET  Radialion  Response 

Gamma  Neutron 


Woik  porformod  by  J.M.Mn<iairily  o/  nl.  .1  laity  I Hamomt  t nUorolonos  , 
To  bo  publishmt  in  IFEE  Trai«  oiv  Nvir.lom  firionco,  39.  Nn.fi  Don.  ton? 


FiQura  14;  SIC  Is  expocied  to  bo  a radintion-trard  seitilcortductor.  Work  performed  at  the  Harry 
Diamond  Laboratories  demonstrates  that,  yes  indeed.  SiC  is  radiation-tiard.  6H-SiC  Junction 
Field-Effecl  Transistors  (JFETs)  were  exposed  to  both  gamma  and  neutron  radialion.  The  JFET 
experienced  little  effect  from  the  gamma  radiation  and  was  still  functioning  after  an  exposure  of 
1016  neutrons  per  cm?.  The  JFET  also  performed  better  at  the  elevated  temperature  of  300‘'C 
than  at  room  temperature  after  the  neutron  exposure. 
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NASA 


AREAS  REQUIRING  TECHNOLOGY  ADVANCEWIENT 

(FOR  HIGH  TEMPEnATURE  APPLICATIONS) 


• Molalltzatioii  (olpcliical)  coitlacls 

• Passivation  and  dielectric  layers 

• Wire  attachment 

• Packaging 

• Circuit  board  technology 


Figure  15:  Several  areas  still  require  technology  advancement  before  SiG  Is  ready  for  high 
temperature  and/or  high  radiation  environments.  The  LeRC  program  is  supporting  research  in 
the  areas  of  metallization,  passivation  and  dielectric  layers,  wire  attachment,  and  component 
packaging.  Ultimately  circuit  board  technology  must  be  developed. 
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CONCLUDING  REMARKS 

• Need  for  600  X electronic  dovices 

• SiC  is  the  soniicondiictor  of  choice 

• Significant  SiC  crystal  growth  progress 

• Discrete  devices  (diodes  and  MOSFETs)  demonstrated 

• Several  challenging  areas  await 

• SiC  is  on  Us  way 


Fi<i;^re  16:  Concluding  Remarks:  The  LeRC  program  believes  that  a need  for  high  temperature 
(600®C)  and/or  high  radiation-hard  electronic  devices  exists.  The  semiconductor  of  choice  is 
SiC  because  of  its  many  unique  properties  and  the  fact  that  diamond  Is  still  far  in  the  future. 
During  the  past  ten  years,  significanl  progress  has  been  made  In  the  advancement  of  SIC 
technology.  Key  progress  has  been  made  in  the  SiC  crystal  growth  process.  This  progress  has 
allowed  device  scientists  to  fabricate  prototype  SiC  electronic  devices  with  exciting 
characteristics  and  thus,  LeRC  researchers  feel  that  SiC,  as  an  electronic  material,  is  definitely 
on  Its  way.  However,  as  is  probably  evident,  there  are  stiji  a number  of  challenging  areas  of 
research  to  be  pursued. 
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COMPUTATIONAL  FLUID  DYNAMICS  (CFD) 

FOR 

PLUME  ANALYSIS 
MOLECULAR  FLUID  MECHANICS 

• THE  VAST  MAJORITY  OF  CFD  DEALS  WITH  GASES  WHICH  ARE  ADEQUATELY 
DESCRIBED  BY  THE  CONTINUUM  THEORY,  I E.,  THE  NAVIER-STOKES  EQUATIONS. 

• IN  RAREFIED  GAS  FLOWS,  A MOLECULAR  MODEL  IS  APPROPRIATE,  REQUIRING 
DIFFERENT  TECHNIQUES. 

DIRECT  SIMULATION  MONTE-CARLO  (DSMC) 

FINITE  DIFFERENCING  OF  THE  BOLTZMANN  EQUATION 

• MOLECULAR  CFD  IS  REQUIRED  FOR: 

NOZZLE  LIP  AND  CRITICAL  BACKFLOW  REGIONS 
PLUME  / spacecraft  INTERACTIONS 
GROUND  TESTING 
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MOLECULAR  CFD  CHARACTERISTICS 


• DSMC  TECHNIQUES  TRACK  A LARGE  NUMBER  OF  MOLE- 
CULES (OF  ORDER  105  TO  107)  AND  MODEL  THEIR  INTER- 
ACTIONS STATISTICALLY. 

• COMPUTATIONALLY  INTENSIVE 

• DR.  CHAN-HONG  CHUNG  HAS  DEVELOPED  AN  ENHANCED 
DSMC  CODE  WITH  MULTI-SPECIES  CAPABILITY,  ALLOWING 
MORE  ACCURATE  CALCULATIONS  OF  SPECIE  SEPARATION. 
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Fig.4  Molecular  hydrogen  tcmperalure  profile 
along  the  line  parallel  to  exit  plane 
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Fig.3  Dofn'ee  of  separation  along  the  line  parallel  to  exit  plane 
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• DEVELOPED  AT  NASA-LEWIS 

• A NAVIER-STOKES  CODE  WITH  FINITE  RATE  CHEMICAL 
KINETICS  CAPABILITY 

- LU-SSOR 

- 9 SPECIES,  18  REACTIONS,  (Hg,  O2  COMBUSTION  SYSTEM) 

- 3-D,  (ONLY  2-D  AXISYMMETRIC  REQUIRED  HERE) 
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Axial  Distributions 


o 


0 2 4 6 H 


X (m) 


on  the  Centerlines 
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Radial  Distributions  at  the  Exit 


Static  Teiiiperaturc  (K)  U2  Mass  Fraction 


MASS  FRACTION  H 
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TABLE  4.  Specific  ImpuLsc  of  NTP 

Nozzles  which  have  Ix'cu  sealed 
to  produce,  al  each  Tciiipcralurc, 
approx  iniaicly  er[ual  I hrusL 


Isp,  (lb|-s/lb,„) 

Ft.=l()ain>  l>^.=U)aiin  P(.-().ralm 

Tc,(K)  ''i={).28  m rr 0.8854  III  ri=2.8  m 


2700 

901.61 

899.48 

3200 

1024.33 

1037.21 

3600 

1144.22 

1 183.39 

903.14 

1072.47 

1223.17 
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TABLES. 

Specific  Impulse  for  variously 
si7.ctl  NTP  Nozzles  with 
Tc-36()0  K,  Pc=1.0  aUn. 

Isp.  ai>Ls/tb,n) 

h =0.28  m 

ri=0.8854  rj.=2.8  m 

1151.57 

1183.39  1220.41 
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SUMMARY 


• CFD  SIMULATIONS  PREDICT  LOWER  SPECIFIC  IMPULSE  VALUES  FOR  THE  LOW 
PRESSURE  NUCLEAR  THERMAL  ROCKET  THAN  ONE-DIMENSIONAL,  INVlSaO 
ANALYSES. 

m THE  LOW  PRESSURE  CONCEPT  SHOWS  MORE  PROMISE  AT  HIGHER 

TEMPERATURES  THAN  AT  LOWER  TEMPERATURES,  BECAUSE  OF  THE  GREATER 
AMOUNT  OF  DISSOCIATION. 

• SMALLER  NOZZLES  SHOW  LARGER  VISCOUS  LOSSES,  ESPECIALLY  AT  LOW 
PRESSURES;  THEREFORE,  PERFORMANCE  GAINS  ARE  ASSOCIATED  WITH 
LARGER  NOZZLES. 

• ADVANCED  CFD  CODES  SUCH  AS  RPLUS  (3D,  NAVIER-STOKES,  CHEMICAL 
KINETICS),  WITH  THEIR  ABILITY  TO  SIMULATE  REAL  GAS  EFFECTS,  PROVIDE 
THE  DESIGNER  WITH  POWERFUL  TOOLS  TO  ANALYZE  THE  ENTIRE  FLOW  FIELD 
AND  CALCULATE  GLOBAL  PERFORMANCE  VALUES. 
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ON-GOING  WORK 


NOZZLE  WALL  FfLM-COOLING  STUDIES 

EFFECTIVENESS  OF  HYDROGEN  FILM  COOLING 

• AMOUNT  OF  HYDROGEN 

• OPTIMIZATION  OF  FILM  PLACEMENT 

PERFORMANCE  IMPACT 

• INTERACTION  WITH  PRIMARY  FLOW 

• LOSSES  IN  SPECIFIC  IMPULSE 
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ProbabilistiG  Structural  Analysis  for 
Nuclear  Thermal  Propulsion 

Dr.  Ashwin  Shah 

Sverdrup  Technology 

(presented  by  J.R.  Stone^  LeRC/NPD) 


GERTIFIGATION  OF  SPACE  NUCLEAR  PROPULSION  SYSTEM  NOZZLE 
WITH  assured  reliability 


OBJECTIVE:  To  dOvelop  a methodology  to  certify  Space  Nuclear  Propul^iOh  System  Nozzle 

with  assured  reliability 
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ADVANTAGE  OF  PROBABILISTIC  STRUCTURAL  ANALYSIS 

0 i f-  Case  I : Wider  scatter  in  stress  and  strength  j 


PHOBABIUJy 

DBNSITY 

fUNCnON 


20 


02  t- 


PROBABlUVr 

DENSITY 

FUNCTION 


20 


S/NL1>'.  ^ UV Ni'.lh 


Scatter  in  stress 


Safety  factor  t-  60/40  = 1.5 
Reliability  = 0,99 
Refiabiitty  is  smalt  because 
ito,.  shaded  overlapping  area 
is  large  due  to  wider 
scatter 


Scatter  in  Strength 

Case  It : Narrow  scatter  In  stress  and  strength 


smESs  strength 


40 


Scatter  in  stress 

H — 


rifl 


Safety  factor  - 60/40  1.5 

Reliability  = 0.999 
Reliability  is  large  because 
shaded  overlapping  area 
is  small  due  to  narrow 
scatter 


Scatter  in  Strength 

Reliability  of  structure  depends  on  scatter  FfTstress  and  strength 
Probabilistic  approach  accounts  for  scatter  in  stress  and/or  strength  rationally 


Space  Nuclear  Prof>uision  System  Nozzle 
Uncertainties  in  the  Random  Variables 


j Random  Variable 

Coelficicnt  of  Variation 
/Staiuiard  Deviation 

Distribution 

Pressure 

5 % 

Normal 

Geometry:  X-  Coordinate 

0 25  In 

Normal  { 

Geomelry;  Y -Coordinate 

0.25  In 

Normal 

1 Geometry;  Z-Coord.  (Height  1 

0.25  In 

Lognormal 

j Thickness 

2.5  % 

Normal 

1 

Temperature 

Gradient 

Inside  surface 

5 % 

Normal 

Layer  2 

5 % 

Normal  I 

layer  3 

5 % 

Normal 

Layer  4 

5 % 

Normal 

Outside 

surface 

5 % 

Normal 

IVIoduius  of  Elasticity 

5 % 

Weibull 

Coefficient  of  thermo!  Exponsion 

2.5  % 

Normal 

Strefigth 

4 % 

Weibull 
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SNPS  no7/le  natural  frequency 


Probability  of  the  natural  frequency  being  less  than  66.7  Hz  = 0.999 

Therefore,  to  achieve  a reliability  of  0.999,  the  frequency  of  exciting  force 
should  be  larger  than  66.7  Hz  to  avoid  resonance. 


Sensitivity  of  primitive  variable  uncertainties 
SNPS  nozzle  natural  frequency 


>. 


«> 

c 

«u 

(/} 


0.001  0.988 


Cu  mil  lative  P robabWVty 


Modului  oi 
«la*tlclly 


MM8 

D»n8ity 


Variabes  controlling  the  scatter  of  natural  frequency  within  66.7  Hz  are 
thickness,  modulus  of  elasticity  and  mass  density.  Therefore  a tighter  tolerance 
for  the  thickness  and  material  properties  are  essential. 
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SNPS  Nozzle 

COF  of  Effective  Stress  in  the  shell 


Sensitivity  of  primitive  variable  uncertainties 
SNPS  nozzle  - shell  stress 

m Geometry  X - Coord 


Geometry  Z > Coord 
Temp.  Inside  surface 


^ Temp.  Layer  2 


imnnn  Temp.  UyerS 
Temp.  Layer  4 
Temp.  Outside  surface 
Modulus  of  elasticity 


To  control  the  stresses  in  the  shell  and  achieve  higher  reliability,  the  uftcertainlies  in  the  inside 
surface  temperature  should  be  reduced. 
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Wori  in  ppjigress: 

• Modelling  of  NIRVA  base  iiiodel  with  coolant  tubes 

• Development  of  pseudo-super  element  to  reduce  the  size  of  the  gloabal 
model  to  achieve  computational  speed  and  accuracy 
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NUCLEAR  THERMAL  PROPULStON 
TECHNOLOGY  PROGRAM 
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NON-NUCLEAR  MATERIALS  ASSESSMENT 


"IDENTIFY  AND  EVALUATE  CANDIDATE  MATERIALS  FOR  USE  IN  NTP 
TURBOMACHINERY  AND  PROPELLANT  FEED  SYSTEM  APPLICATIONS." 


THE  APPROACH  WAS  TO  DEVELOP  AND  IMPLEMENT  DETAILED  TEST  PLANS  AND  EVALUATION 
CRITERIA  FOR  EFFECTS  OF  A HOT  HYDROGEN  ENVIRONMENT  ON  NTP  CANDIDATE  MATERIALS. 


THE  FOLLOWING  MATERIALS  WERE  SELECTED  FOR  SURFACE  EROSION  TESTING: 
-INCONEL 718  (BASELINE  MATERIAL) 

- IMAR  246  (IMPROVED  MARAGING  STEEL) 

-NASA  23  (NICKEL  BASED  STEEL) 

THE  FOLLOWING  TEST  PLANS  WERE  DEVELOPED: 

- STATIC  HOT  HYDROGEN  TESTING  UP  TO  1000  aAND  5000  psl.  TEST  TO  INCLUDE: 

TENSILE  PROPERTIES 
• LOW  CYCLE  FATIGUE 
CREEP 

FRACTURE  TOUGHNESS 

- FLOWING  HOT  HYDROGEN  TESTING  AT  TEMPERATURES  UP  T0 1000  C FOR 
MICROSTRUCTURE  CHARACTERIZATION  OF  EXPOSED  MATERIALS 


MATERIAL  SAMPLES  WERE  TESTED  AT  AUBURN  UNIVERSITY  IN  A 700  C HYDROGEN  ENVIRONMENT 
WITH  ADDITIONAL  TESTS  TO  BE  PERFORMED  AT  MSFC,  ALSO  AT  700  C. 


MSFC  FACILITY  IS  CAPABLE  OF  MATERIAL  EXPOSURE  TESTING  UP  TO  980  C AND  SOOOpsI  IN 
A HYDROGEN  OR  HELIUM  ENVIRONMENT. 


NON-NUCLEAR  MATERIALS  ASSESSMENT 


The  obiectiva  of  the  MSFC  material*  effort  la  to  Identify  and  evaluate  candidate  materlala  for  uae  In  NTP  turbomachlnery  and 
propellant  teed  ayatem  appllcationa.  The  Initial  taak  waa  to  develop  a aet  of  teat  plana  and  evaluation  criteria  that  could 
be  applied  to  eeraen  candidate  materlala  for  application  In  NTR  componenla.  In  order  to  be  a viable  candidate,  the 
material  muat  be  raalalant  to  degradatton  due  to  the  ellecta  of  expoaure  to  hydrogea  A aet  of  baaellne  material*  were 
selected  which  Included  Inconel  718,  NASA  23,  and  IMAR  246.  These  material  eamplea  were  provided  to  Auburn 
University  tor  exposure  In  a 700  C hydrogen  environment  and  characterization  of  the  Induced  surface  erosion.  Similar 
hydrogen  environment  testing  was  performed  at  MSFC  tor  obtaining  the  mechanical  properties  of  the  samples  through 
In  situ  testing  In  10  MPA  (1500  psl)  hydrogen  at  700  C.  In  situ  test  rmpabllitlea  Include  tensile  strain  properties,  tetlgue, 
crack  growth,  fracture  toughness,  creep,  and  four  point  bend. 
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NON-NU#LEAR  MATERIALS  ASSESSMENT 


HIGH  TEMPERATURE  TESTING  OF  VARIOUS  CARBIDE  BASED  COATINGS  FOR  APPLICATION 
TO  TURBOPUMPS,  TURBINE  BLADES,  FLOW  SYSTEMS,  AND  NOZZLES  HAVE  ARE  BEING  PERFORMED. 

TaC,  WC,  & NbC  HAVE  BEEN  EXPOSED  TO  HYDROGEN  AT  1 ATMOSPHERE  AND  TEMPERATURES  OF 
830, 1350,  & 1430  C TO  DETERMINE  R WEIGHT  LOSS 


Material 

% weight  loss  at  temperature 
830C  1350C 

1460  e 

TaC 

0.03 

0.03 

0.06 

WC 

0.07 

0.10 

0.04 

NbC 

0.10 

0.36 

1.14 

SILICON  NITRIDE  AND  ALUMINA  CERAMICS  HAVE  BEEN  TESTED  FOR  HIGH  TEMPERATURE  COATING 
APPLiCATIONS.  COMPARATIVE  TESTING  WAS  PERFORMED  IN  AIR  AND  HYDROGEN  AT  AMBIENT 
TEMPERATURE  AND  AT  700  C FOR  PERIODS  OF  1 HOUR. 

A FOUR-POINT  BEND  FIXTURE  WAS  USED  TO  TEST  BASIC  MECHANICAL  PROPERTIES  OF  MEAN 
STRENGTH  AND  WEIBULL  MODULUS. 


NON-NUCLEAR  MATERIALS  ASSESSMENT 


High  temperature  testing  of  carbide  based  coatings  for  application  to  turbopumps,  turbine  blades,  fiow  systems,  and 
noaczies  are  being  performed.  These  coatings  include  the  carbides  of  Tantaium,  Niobium,  Tungsten,  and  Silicon.  These 
materials  are  being  exposed  to  elevated  temperatures  over  the  range  of  830  C to  1460  C in  a VTOUum  and  hydrogen 
environment  for  periods  of  one  hour.  Analytds  consists  of  in  sHu  weight  loss  determiriations  and  residual  gas  analysis 
with  subsequent  examination  of  microstructure  via  Scanning  Electron  Microscopy  and  Transmission  Electron 
Mtcrosc<H»y.  the  objective  of  this  Investigation  is  to  characterize  mlcrostructural  changes  in  these  materials  as  a result 
of  exposure  to  hydrogen. 

Further  material  evaluations  Involve  the  preparation  of  Silicon  Nitride  and  Alumina,  candidate  ceramics  for  high 
temperature  coatings,  for  comparative  tests  In  air  and  hydrogen  at  room  temperature  arid  700  C for  periods  of  one 
hour.  At  MSEC  a four  point  bend  fixture  was  configured  to  perform  in  situ  testing  of  these  materials  for  determination 
of  their  basic  mechanical  propmies  of  mean  ^r^gth  and  Wetbull  modulus. 
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NTP  TURBOMACHINERY  TECHNOLOGIES 


^’DEVELOP  AND  VALIDATE  ADVANCED  TURBOMACHINERY  TECHNOLOGIES  AT  THE  | 
COMPONENT  AND  TURBOPUMP  ASSEMBLY  LEVELS." 


THE  NASA  REFERENCE  SIZE  WAS  BOUNDED  BY  50K  AND  75K  LB  THRUST  ENGINE. 


THE  APPROACH  USED  WAS  TQ  ASSESS  AND  DEFINE  TURBOMACHINERY  TECHNOLOGY 
REQUIREMENTS  FOR  A SPACE  BASED/START  NUCLEAR  THERMAL  ROCKET  ENGINE.  MSFC 
AND  LeRC  SPECIALISTS  COLLABORATED  TO  DEFINE  AN  INITIAL  TECHNOLOGY  PLAN  FOR 
TPA  TECHNOLOGY. 

THE  PLAN  ADDRESSES: 

- BEARINGS  (FLUID  FILM  & FOIL) 

- SLOW  START  TRANSIENT  FOR  FLUID  FILM  BEARINGS 

- RUB  TOLERANT  MATERIALS  FOR  FLUID  BEARINGS 

- ROLLING  ELEMENT  CAGE  MATERIAL  FOR  THRUST  BEARING  (IF  REQUIRED) 

- MAGNETIC  BEARINGS 

- SEALS 

- DEFINITION  OF  SEAL  REQUIREMENTS 

- RUB  TOLERANT  MATERIALS 


- EARLY  NEED  FOR  A PROPELLANT  FEED  SYSTEM  TEST  BED 

- EARLY  DEFINITION  OF  TRANSIENT  LOADS 

- EVALUATION  OF  FEED  SYSTEM  IMPACTS  ON  TURBOMACHINERY 


NTP  TURBOMACHINERY  TECHNOLOGIES 


TN  Qbj^tlVQ  of  the  MSFC  iurbomachlnery  technology  task  Is  to  dsvslop  and  validate  technologies  at  ths  component  and 
turhopump  assembly  level  for  application  In  a Nuclear  Thermal  Rocket  engine.  Marshall  PrqpMlSlon  Laboratory  personnel 
collaborated  with  turbomachlnery  specialists  at  LeRC  on  the  aasessment  pi  the  technology  requirements  and  priorities  as 
well  as  an  initial  technology  development  plan.  The  ground  rules  provided  that  the  engine  size  he  In  the  range  of  50Kto 
75K  lb  thrust  and  apace  based.  Space  base/start  Imposes  a need  to  assess  the  requirement  Iqr  fpw  NPSH  technologies. 

The  technology  assessment  and  development  plan  addresses  both  fluid  f Mm  and  foil  bearings.  Current  thinking  Is  that 
rolling  element  bearings  would  not  be  used  unless  In  a thrust  bearing  application.  There  exist,  to  date,  little  experience 
with  either  foil  or  hydrostatic  bearlnga  Most  experience  addresses  only  fast  start  transient  systems  and.  therefore, 
Indicate  a need  for  research  In  the  application  of  fluid  ftlm^oll  bearings  In  a prolonged  start  transient  such  as  tl)e  NTR 
application.  This  also  illustrates  the  need  for  further  materials  research  for  meterlals  that  would  be  wear  resistant  in  a 
hydrogen  and  radiation  environment.  The  main  concern  for  rolling  element  bearings  is  for  application  as  a thrust  bearing 
where  research  la  needed  to  Identify  a cage  material  that  will  survive  the  radiation  environment.  The  application  of  a 
msgnetlc  baring  could  eliminate  wear  at  startup  and  Is  also  being  considered. 

Addltloiial  technology  is  also  required  In  the  area  of  seals.  Questions  must  be  addressed  as  to  the  need  for  a positive 
seal  between  the  pump  and  turbine  for  pre  and  post  operation. 

A propellent  feed  system  test  bed  ie  needed  early  |n  any  TPA  technoiogy/advanced  development  program.  A preliminary 
study  has  begun  to  assess  the  possibility  of  using  existing  turbomachlnery  and  test  stand  hardware  to  facilitate  the 
development  of  a test  stand.  The  testbed  is  needed  to  evaluate  transient  operation  and  provide  early  definition  of  transient 
loads-  This  facility  could  also  be  used  to  assess  feed  system  Impacts  on  the  turbomachlnery.  Ttie  system  could  also  be 
used  to  evaluate  TPA  control  and  health  monitoring  technologies. 
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HIGH  TEMPERATURE  SUPERCONDUCTING  MAGNETIC 
BEARING  TECHNOLOGY 


"DEVELOP  AND  VALIDATE  ADVANCED  TECHNOLOG  Y FOR  HIGH  TEMPERATURE 
SUPERCONDUCTOR  (HTS)  PASSIVE  MAGNETICmYDROSTATIC  BEARING" 


GREATLY  REDUCE,  OR  ELIMINATE  COMPLETELY,  THE  EXPECTED  WEAR  TO  A CONVENTIONAL 
HYDROSTATIC  BEARING  AS  A RESULT  OF  NTR  SLOW  STARTUP  TRANSIENT 

SDIO  CONTRACT  WITH  MTI  JOINTLY  FUNDED  BY  DARPA  AND  NASA 

HTS  TECHNOLOGY  WILL  ENABLE  THE  DEVELOPMENT  OF  A NEAR  ZERO-WEAR  BEARING 
WHEN  COMBINED  WITH  FLUID  FILM  BEARING  CONCEPTS. 

CURRENTLY  DESIGNING  PROOF-OF-CONCEPT  TEST  RIG  BASED  ON  MSFC  SUPPLIED 
REFERENCE  TPA  PARAMETERS  BASED  ON  J-2S  TURBOMACHINERY. 

TESTS  AND  MATERIAL  RESEARCH  ONGOING  TO  INCREASE  HTS  BEARING  LOAD  CARRYING 
CAPABILITY  AT  LH2  TEMPERATURES.  HTS  LOAD  CAPABILITY  HAS  BEEN  IMPROVED  BY  450%. 

MSFC  INHOUSE  EFFORTS  ARE  FOCUSED  ON  MEASUREMENT  OF  HTS  MAGNETIZATION  OVER 
TEMPERATURE  RANGE  FROM  25K  TO  77K.  NTP-TPA  OPERATIONAL  TEMPERATURE  IS 
PREDICTED  TO  BE  AROUND  30K. 


HIGH  TEMPERATURE  SUPERCONDUCTING  MAGNETIC 
BEARING  TECHNOLOGY 


The  objective  of  the  MSFC  HTS  technology  taek  ie  to  develop  and  vatidaie  advanced  technology  for  High  Temperature 
Superconductor  <HTS)  passive  magnetlc/hydrostatlc  bearings  for  application  in  a nuclear  rocket  engine.  This  bearing 
concept  will  greatly  reduce,  or  eliminate  completely,  the  expected  wear  to  a conventional  hydrostatic  bearing  as  a result 
of  the  ^remely  slow  startup  transient  of  the  NTR.  This  work  was  performed  by  Mechanical  Technology  Inc.  under  a 
S0K>  amtract  funded  jointly  between  NASAAASFC  and  DARPA. 

By  combining  HTS  technology  with  that  of  fluid  film  bearings.  It  will  be  possible  to  suspend  the  pump  shaft  during  the 
start-up  and  shut-down  of  the  pump  when  the  hydrostatic  bearing  Is  not  fully  funcflonat.  HTS  stiffness  has  been  improved 
by  450%  during  the  course  of  this  effort  and  further  improvement  to  capabilities  of  >2000  Ib/ln/ln2  Is  believed  very  possible, 
MU  was  supplied  refererK;e  parameters  based  on  the  J-2S  turbopump  In  order  to  design  a proof-of -concept  test  apparatus. 

Additional  inhouse  efforts  have  focused  on  measurement  of  HTS  magnetization  over  ten^eraturo  ranges  from  25K 
to  77K.  The  operational  temperature  of  the  turbomachinery  for  the  NTR  Is  predicted  to  be  30K. 
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NUCLEAR  GAS  CORE  PROPULSION  RESEARCH  PROGRAM 


a presentation  to  the 

Nuclear  Propulsion  Technical  Interchange  Meeting  ’92 

NP-TIM-92 


NASA  Lewis  Research  Center 
October  20  - 23,  1992 


by 
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Edward  T.  Dugan,  Co-Principal  Investigator 
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University  of  Florida 
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NUCLEAR  GAS  CORE  PROPULSION  RESEARCH  PROGRAM 

Advanced  Nuclear  Propulsion  Studies 

• To  develop  a hydrogen  properties  package  at  temperatures  10  - 10,000  K and 
pressures  0.1  - 200  atm. 

• To  develop  a transient  simulation  program  for  parametric  studio  and  design 
analysis  of  high  temperature  nuclear  rockets 

Nuclear  Vapor  Thermal  Rocket  (NVTR)  Studies 

• To  conduct  nuclear  and  thermal  design  optimization  of  the  NVTR  fuel,  fuel  elements 
and  core  geometry 

• To  develop  a system  and  parametric  analysis  code  for  the  NVTR 

Ultrahig^  Temperature  Nuclear  Fuels  and  Materials  Studies 

• Determine  properties  of  UF^  and  UF^  mixtures  nuclear  fuels  at  temperature  - 
pressure  ranges  of  interest  to  advanced  nuclear  propulsion  systems 

• Measure/model  high  temperature  compatibility  of  UF^  with  refractory  carbides. 


The  objectives  of  these  studies  are  to  develop  models  and  experiments,  systems  and  fuel 
elements  for  advanced  nuclear  thermal  propulsion  rockets.  The  fuel  elements  tmder 
investigation  are  suitable  for  gas/vapor  and  multiphase  fuel  reactors. 
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EVALUATION  OF  PARA-  AND  DISSOCIATED  HYDROGEN 
PROPERTIES  AT  T « 10  - 10,000  K 

• NASA/NIST  Property  Package 

(13.8  < T < 10,000  K and  .1  < P <160  baiO 

Molecular  Weight,  Density 
Enthalpy,  Entropy 
Specific  Heats,  Specific  Heat  Ratio 
Thermal  Conductivity,  Viscosity 

• Hydrogen  Property  Generator  Code  Features 

Linear  Interpolation 
Natural  Cubic  Spline 

Least  Square  Curve  Fitting  with  Pentad  Spline  Joint  Functions 

. Graphical  Representation  of  Properties 


l<V2Q/92 


The  hydrogen  property  generator  utilizes  two  interpolation  techniques  and  a least-square 
curve  fitting  routine  with  a pentad  spline  function  which  links  least-square  fitted  pieces 
together.  The  property  generator  package  is  incorporated  into  the  NTR  simulation  code 
and  also  into  a system  of  CFD-HT  codes. 
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Cp  Versus  Temperature  for 
Para-  and  Dissociated  Hydrogen 


\w20fn 


Heat  capacity  of  hydrogen  near  the  critical  point  shows  large  gradient  and  oscillatory 
behavior.  At  p = 2.35  MPa  the  property  package  indicates  a sharp  peak  for  Cp. 
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Cp  (J/kg-K) 


2.2x10* 

2.0x10® 

1.8x10® 

1.6x10® 

1.4x10® 

1.2x10® 

1.0x10® 

8.0x10^ 

6.0x10® 

4.0x10® 

2.0x10® 


0.0x10° 


Uiavemty  of  fitsrida 


Cp  Versus  Temperature  for 
Para-  arKi  Olssooialed  Hpirogeo 


i Pmssu  ne  pPa) 

15.35 

— 11.35 
i — *“  6.35 

i — * — 2.35 

— 0.535 
— ° — 0.0535 


Temperaturo  (K) 


At  higher  temperatures,  the  heat  capacity  data  displays  smooth  behavior.  The  sharp 
increase  in  Cp  value  at  temperatures  above  2000  K is  due  to  hydrogen  dissociation. 
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The  hydrogen  property  package  is  a combination  of  two  subpackages  covering  the 
temperature  ranges  10  - 3000  K and  3000  - 10,000  K,  respectively.  The  large  change  of 
gradients  in  hydrogen  viscosity  at  3000  K indicates  a non-physical  flaw  in  the  model. 
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MODELING  AND  INGINEEIING  SIMULATION  OF 
NUCLEAR  THERMAL  ROCKET  SYSTEMS 

. Modular  Thermal  Fluid  Solver  with  Neutronic  Feedback 

. Main  Component  Modules; 

FipeSj  Valves,  Mixer 
Nozzle  Skirt 
Pump*  Turbine 
Reflector,  Reactor  Core 

* Hydrogen  (Para-  and  Dissociated)  Property  Package 

10  < T ^ 10,000  K 
.1  ^ P < 160  bar 

* Models  Developed  for  NTVR,  NERVA  and  XNR  2000 

* CFD  and  Heat  Transfer  Models  for  Main  NTR  Components 


10/2CV92 


A detailed  program  for  modeling  of  ftill  system  nuclear  rocket  engines  is  developed.  At 
present  time,  the  model  features  the  expander  cycle.  Axial  power  distribution  in  the 
reactor  core  is  calculated  using  2-  and  3-D  neutronics  computer  codes.  A complete 
hydrogen  property  model  is  developed  and  implemented.  Three  nuclear  rocket  systems  are 
analyzed.  These  systems  are!  a 75,000  Ibf  NERVA  class  engine,  a 25,000  Ibf  cermet  fueled 
engine  and  INSPI’s  nuclear  thermal  vapor  rocket. 
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NUCLEAR  THERMAL  ROCKET  SIMULATION  SYSTEM 


10/20/92 


The  main  program  links  all  the  component  modules  and  iterates  to  arrive  at  the  user 
specified  thrust  chamber  pressure  and  temperature  and  thrust  level.  Reactor  power  and 
propellant  flow  rate  are  among  outputs  of  the  simulation  program.  Fuel  elements  in  the 
core  module  are  prismatic  with  variable  flow  area  ratio.  Each  module  divides  the  relative 
component  into  N segments. 
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Axial  tempemture  distribution  of  NVTR  fuel  surface  and  peopdhm  in  m iyerage  power 
rod.  Reactor  power  is  adjusted  to  achieve  the  thrust  chamber  t^iperature  ami  pressure 
of  2750  K and  750  psi,  respectively. 
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Normalized  axial  power  distribution  in  C-C  composite  fuel  matrix  NTVR,  calculated  by 
DOT-2  Sj,  code.  The  axial  power  shape  factor  is  an  input  for  the  simulation  code. 
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Plofids 


Specific  Impuise  vs  Chamber  Pressure 
INSPi-NTVR  @ 75000lbf  Thrust 
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Parametric  study  of  thrust  chamber  pressure  and  temperature  impact  on  tsp  of  NTVR.  At 
higher  pressures  Isp  is  less  sensitive  to  thrust  chamber  temperature. 
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Turbine  Pressure  Ratio  vs  Chamber  Pressure 
iNSPI-NTVR  @ 75000ibf  Thrust 


1C/2Q/92 


Tiirbine  pressure  ratio  is  sensitive  to  both  thrust  chamber  pressure  and  temperature.  For 
thrust  chamber  pressure  of  1200  psi  and  temperature  of  3000  K,  the  turbine  pressure  ratio 
of  1.26  is  well  within  the  range  of  available  technology. 
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}o/2om 


Axial  temperature  prc^es  for  NERVA-75,(X)0  Ibf  engine  are  presented,  llie  maximum  fuel 
temperature  is  3490  K at  .7  m from  the  core  entrance. 
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P&W  XNR2000  Core  Axial  Flow  Profile 
Tc  = 2750K  Pc  = 750psi  F=25000lbf 


10/20/92 


Axial  temperature  distribution  in  XNR  2000  core  is  presented.  XNR  2000  features  a two 
path  folded  flow  core  hieled  with  CERMET.  The  maximum  fuel  temperature  is  3000  K at 
about  85%  from  the  entrance  to  the  inner  core  region. 
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y«iveftity  &f  Merida 


HUCLeM  vapor  thermal  ROOCET  (HVIR) 
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The  Hiidear  Vapor  Tlietihal  Reeket  (NVTR)  b ah  advanced  thefftal  propuhiieft  etiguia, 
iisiflg  vapor  or  nitiitiphase  hudear  fuels  predicted  perfemtaftce  at  the  upper  liiaits  ef 
solid  core  reactors,  the  MVTr  also  serves  as  base  teetoology  developiuefit  toward  high 
petfoffiiariGe  das  Gore  Reactors. 
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Pump  Flowrate  (Total) 
Pump  Discharge  Pressure 
Number  Of  Pump  Stages 


75.50  !b|^/sec 
3.369  psia 


Heat  loads  are  as  follows:  Nozzle-con  (total):  30.05  MW 
Nozzle-div  (total):  22.97  MW 
Reflector  (total):  35.00  MW 


Pump  Efficiency  (%) 

78.26 

% 

Turbopump  Rpm 

70.000 

RPM 

Turbopump  Power  (Each) 

8,802 

HP 



Turbine  Inlet  Temp 

361 

deg-R 

P - psia 

Number  Of  Turbine  Stages 

2 

Turbine  Efficiency 

81.51 

% 

T » dag-R 

Turbine  Pressure  Ratio 

1.85 

— 

W = lbn,/sec 

Turbine  Flow  Rate  (Each) 

33.87 

ib^/sec 

H = BTU/lbm 

Reactor  Thermal  Power 

1.759 

MW 

S - BTU/lbm-R 

Note:  Flows  Indicated  are  for  one-half  of  system 


Nozzle  Chamber  Temperature  5,580  deg-R 

Chamber  Pressure  (Nozzle  Stagnation)  1,500  psia 

Nozzle  Expansion  Area  Ratio  500:1  — 

Nozzle  Percent  Length  1 23  % 


Vacuum  Specific  Impulse  (Delivered) 
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Fuel  Pres$ure 

Average  Fyel  Temperature 

Maximum  Element  Heat  Flux 

Nominal  Qement  Uength 

Fuel  Volume  Fraction 

Coolant  Volume  Fraction 

Mo4ejator  Volume  Fraction 

Fuel  metiient  Power 

Element  Heat  Transfer  Area 

Reactor  Core 

Fuel  channel  Diameter 

Fuel  Channel  Sectional  Area 

Total  Fuel  Channel  Area  Per  plement 

Fuel  Element  Sectional  Area 

Element  Diameter  (across  flats) 

Coolant  channel  Diameter 

Coolant  Channej  Sectional  Area 

Total  Coolant  Channel  Area  Per  Ele. 

Core  Volume  (elements  only) 

Core  Power  Density 
Fuel  Element  Mass,  Total 
Forward  Reflector  Mass 
Aft  Reflector  Mass 
Radial  Reflector  Mass 
Radiation  Shield  Mass 
Totel  Reactor  Mass 
Misc  Engine  Components  Mass 
Total  Engine  Mass 
Engine  F/w 


IQOatm 
4000  K 
330 

ISO  cm 
04S 
045 
0.70 

0,7  MWt, 
1170  cm^ 

1.5 

Q.14I  cfii 
Q.OISS  cm 
OJOS  cm* 
3.464  cm* 
^.QQcm 
0448  cm 


0,505  cm* 
1.053  ro^  - 
1330  MW/m^ 
1.3S  MT 
0.60  MT 
0.51  MT 
8.47  MT 
0*90  MT 
S.S3MT 
0.9  MT 
6.83  MT 
S.QMT 
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HIGH  TEMPERATURE  NUCLEAR  FUELS  AND  MATERIALS  STUDIES 

. Experimental  Studies  Related  to  a Parallel  Program  Confirmed 
UF4  Compatibility  with: 

- W at  temperatures  up  to  2200  K 

(Experiment  and  post-test  analysis  at  T up  to  3000  K in  progress) 

- Mo  at  temperatures  up  to  2200  K 

(Experiment  and  post-test  analysis  at  T up  to  2600  K in  progress) 

- C at  temperatures  up  to  1800  K 

. Detailed  Thermodynamics  Analysis  Demonstrated  Outstanding 
Chemical  Compatibility  Between  UF4  and  WC,  W2C,  M02C  at 
Temperatures  up  to  2600  K 

Thermodynamic  Studies  Revealed  Outstanding  Properties  of 
UF4  - UC2  Mixture  for  NTVR  Fuel 


10/20/92 

Compatibility  of  UF4  at  elevated  temperatures  with  wall  materials  is  a key  to  successful 
development  of  fuel  element  for  NTVR.  Experimental  studies  of  UF4  compatibility  with  a 
wide  range  of  materials  has  shown  promising  results  for  Mo,  W,  and  C.  Thermodynamic 
analysis  suggested  outstanding  chemical  compatibility  of  WC,  W2C  and  M02C  at 
temperatures  up  to  2600  K.  High  temperature  thennodynamics  analysis  has  also  revealed 
the  outstanding  stability  of  UF4  - UC2  system.  Due  to  presence  of  carbon  in  UF4  - UC2  fuel 
mixture,  better  compatibility  with  the  fuel  element  wall  materials  and  gaseous  fuel  is 
expected. 
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Flow  Instabilifv  In  Partl#te-Becl  r^uciear  Reactors 

J.  L.  Kerrebrock* 

Massiehusetts  Jnstitut©  of  Taohnology 

PRESeNTED  AT  NUCLEAR  PROPUUiQN  INTPJCHANSi 
NASA  LEWIS  RESEARCH  CENTEB.  OCTOBiB  n,  1992 

The  partfcle-bed  core  offers  mitigation  of  some  of  tho  problems  of  soikl-core  nuelear 
rooket  reactors.  piviOing  the  fuel  elements  into  small  sphenV^I  partfi^es  containeO  in  a 
cylindrical  bed  through  which  the  propellant  flows  radially,  may  reduce  the  thermal 
stress  in  the  fuel  elements,  allowing  higher  propellant  temperatures  to  be  reached-  The 
high  temperature  regions  of  the  reactor  are  confined  to  the  interior  of  cylindrical  fuel 
assemblies,  so  most  of  the  reactor  can  be  relatively  ©i^l.  This  enables  fiie  u^  of 
structural  and  moderating  materials  which  reduce  the  minimum  critical  size  and  mass  of 
the  reactor.  One  of  the  unresolved  questions  about  this  concept  is  whether  the  flow 
through  the  particle-bed  will  be  well  behaved,  or  will  be  subject  to  destructive  flow 
instabilities.  Most  of  the  recent  analyses  of  the  stability  of  the  parttele^bed  reactor  have 
been  extensions  of  the  aiproaeh  of  Bussard  and  Pelauer,  where  the  bed  te  essentially 
treated  as  an  array  of  parallel  passages,  so  that  the  mass  flow  is  continuous  from  inlet  to 
outlet  through  any  one  passage,  A more  general  three  dimensional  model  of  the  bed  is 
adopted  here,  in  which  the  fluid  has  mobility  in  three  dimensions.  Comparison  Of  results 
of  the  earlier  approach  to  the  present  one  shows  that  the  former  does  not  amirately 
represent  the  stability  at  low  Re.  The  more  osmplete  model  presented  here  should  be 
capable  of  meeting  this  deficiency  while  accurately  representing  the  effects  of  the  cold 
and  hot  frits,  and  of  heat  conduction  and  radiation  in  the  particle'bed.  It  can  be  extended 
to  apply  to  the  cylindrical  geometry  of  particle-bed  reactors  without  difficulty.  From 
the  exemplary  calculations  which  have  been  carried  out,  It  can  be  concluded  that  a 
particle  bed  without  a cold  frit  would  be  subject  to  instability  if  operated  at  the  h^h 
temperatures  desired  for  nuclear  rockets,  and  at  power  densities  below  ^xMit  4 
megawatts  per  liter.  Since  the  desired  power  density  is  about  4Q  megawatts  per  liter,  it 
can  be  concluded  that  operation  at  design  exit  temperature  but  at  reduced  power  could  be 
hazardous  for  such  a reactor.  But  the  calculations  also  show  that  an  appropriate  cold  frit 
could  very  likely  cure  the  instability.  More  definite  conclusions  must  await  calculations 
for  specific  designs. 

» R.C.  Maclaurin  Professor  of  Aeronautics  and  Astronautics 
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Conclusions 


Comparison  of  three  quite  different  approaches  to  modeling  the  stability  of  the  partide-bed 
reactor,  all  with  consistent  physical  assumptions,  shows  that  a complete  linear  stability  such 
as  that  presented  here  is  in  fact  necessary  for  reliable  prediction  of  the  stability  of  the 
particle-bed  reactor.  The  approach,  termed  here  the  Parallel-Stream  model,  where  the 
reactor  is  assumed  to  he  composed  of  a series  of  channels  coupled  only  at  their  inlets  and  outlets, 
does  not  accurately  represent  the  stability  at  low  Re,  nor  does  it  represent  the  effect  of  heat 
conduction  in  the  bed. 

The  model  termed  here  (perhaps  somewhat  naively)  the  Complete  Model  should  be  capable  of 
accurately  representing  the  effects  of  the  cold  and  hot  frits,  and  of  heat  conduction  and 
radiation  in  the  particle  bed.  It  can  be  extended  to  apply  to  the  cylindrical  geometry  of 
particle-bed  reactors  without  difficulty. 

From  the  exemplary  calculations  which  have  been  carried  out,  it  can  be  concluded  that  a 
particle  bed  without  a cold  frit  would  be  subject  to  instability  if  operated  at  the  high 
temperatures  desired  for  nuclear  rockets,  and  at  power  densities  below  about  4 megawatts  per 
liter.  Since  the  desired  power  density  is  about  40  megawatts  per  liter,  it  can  be  concluded  that 
operation  at  design  exit  temperature  but  at  reduced  power  could  be  hazardous  for  such  a reactor. 
But  the  calculations  also  show  that  an  appropriate  cold  frit  could  very  likely  cure  the 
instability.  More  definite  conclusions  must  await  calculations  for  specific  designs. 
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SCHEMATIC  OF  PARTICLE-BED 


GOVERNING  EQUATIONS 
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NON-DIMENSIONAL  GOVERNING  EOUATIONS 
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2EROTH-ORDER  OR  STEADY  SOLUTION 
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FIRST  ORDER 


Vp  = - bi[l^„ii+  i'uoVI^-,'  Tg]  t>2(5  + i(u?i  p + 11*)] 

<=  ‘a,*’  = Tg)  1 1 (Tpo  - TgoKPO  »*  + no  p)  + Tp 


3Tg  <iTg„  dTgo  a-ig 
P«i)l  ^P"  d*  “v^«0-j^  P < = 

P«('*‘pO-T’g())Hux  » iU)(Tp()Tgo)np  + ll(Tp-’iy 


P^PO  'Tg  ' T*g0P 

Variables  are:  p,  p.  Tg,  u and  Tp 


04) 

05) 

06) 

(17) 

(IR) 


PARAMETERa 

Dimensionless  Parameters  : 
from  In,  v,  bi  , b2 
from  3n,  q,  c.  H.  Kc,  Kr 

Operating  Parameters  : 

Tgo  (exit)  3000  K 
po  (exit)  - 100  atm 

0 * 4x10^0  walt/m3 

Design  Parameters  : 

1 « 0.01  m 

Dp  » .5  X 10-3  m 

Stability  Parameters  : 

_ po(0)  uo(tJ)  Op  DpQI 

am  ” cp7’0P(())q 

q . 
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APPROACHES  TO  INSTABILITY  ANALYSIS 


1)  Parallel  Flow  Instability 

2)  Local  Instability  Analysis 

3)  Full  Stability  Analysis 


PARALLEL-STREAM  INSTABILITY 


Instability  is  possible  if  po(1)  increases  with  mass  flow 
density  for  fixed  Q and  po(0).  Hence; 
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COMPLETE  INSTABILITY  MODEL 


^ = H(Tp-Tjj-(poB))Tg 


= (Kk?  + CO)  + 1 1)  Tp  - H Tg  + <i|po)  Ujc  P 


(33) 

(34) 

(35) 

(36) 


(37) 

(38) 

(39) 


Approximate  Case  Neglecting  Conduction  in  x: 

T = (»  - (9P0)»x " (<1»0)  P) 

**  {Kkj?  + c(i)  f H) 


(40) 
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C NTP  REACTOR  & FUEL  REQUIREMENTS 


REACTOR  REQUIREMENTS 

PERFORMANCE: 

Specific  Impulse  >925  sec 

Thrust-to-Welght  >8 
Single  Burn  Time  1 hr 

Operating  Life  Time  10  hr 

Restart  s >10 


FUEL  REQUIREMENTS 

Fuel  Temperature  > 3000K 
Uranium  Loading  > 0.8  g/cc 
Thermal  & Chemical  Stability 
Low  Diffusion  Rates 
Thermal  Shock  Resistance 


SAFETY: 


ALARA  radiation 
Large  margin  to  failure 
Redundancy 
Fast  restart 


FP  retention 
High  Melting  Point 
Robust  Fuel  Elements 
Thermal  Shock  Resistance 
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ROVER  FUEL  TYPES 


NbC  coat  ing . 


UC2  Particles 


Graphite  Matrix 


UC  2 Part  Ides/ Graphite  Matrix 


Pyrocarbon  Coat  In 


Graphite  Mat  Irlx 


m 


PyC  Coated  UC^  Spheres/Graphite  Matrix 


Carbide  Solid  Solution 


Lm  «Difil@^ 


URANIUM  FUEL  COMPOUNDS 


Property 

Density,  g/cc 

U Density,  g/cc 

Melting  Point,  K 

Thermai 

Expansion, 

10-*/K 

(@1273K) 

Thermal 

Conductivity, 

W/cmK 

. (@  1273K) 


U02 

UC 

UC2 

UN 

10.96 

13.63 

11.68 

14.32 

8.01 

9.66 

12.97 

10.60 

13.52 

2.88 

3100 

2775 

2710 

3035* 

3350 

10.1 

11.2 

12.0 

8.9 

7.6 

0.035 

0.23 

0.07 

0.25 

0.3 
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MAJOR  SOURCES  OF  DATA 
U-Zr-e  PHASE  DIAGRAM 


Uranium  - Carbon  Binary 

Uranium  Carbide  * Zirconium  Carbide  Pseudo-Binary 
Uranium  Dicarbide  - Zirconium  Carbide  Pseudo-Binary 
Zirconium  - Carbon  Binary 
Calculations  - Chang  Formulation 
- Butt  and  Wallace 
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U&NbC  PitUDO'BiNARY  PHASI  DIAGRAM 
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PRiUMINARY  miT  POINT  COMPOSITIONS 


U-Zr-C  Ternary  Diagram 

3273  K ISOTHERMAL  SECTION 


COLD  PRESS.  REDUCE.  AND 
SINTER 


ARC  MELT 


COMPUSTiON  SYNTHESIS 


NIP: 


/ ^ 


Post-Melt  Sample 
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)C  MfCROSPHERiS 


SINTERED  (U 


LOS  ALAMOS 


CRYOCHEMICAL  SPHERE  FORMING  ADVANTAGES 


Process  is  composed  of  a few  simple  steps 


Applicable  to  a variety  of  nuclear  fuel  concepts 


Porosity  is  likely  a controllable  variable 


Spheres  >1 000  pm  diameter  appear  possible 


Rejected  spheres  are  easily  reused 


Re-using  process  fluids  minimizes  wastes 
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Laser  Diagnostics  for  NTP  Fuel 
Corrosion  Studies 

PaulJ.  Wantuck 

Chemical  and  Laser  Sciences  Division 
Los  Alamos,  NM  87545 

Contributors:  D P.  Butt 

A.D.  Sappey 

Nuclear  Propulsion  Technical  interchange  Meeting 
NASA'Lewis  Research  Center,  Plum  Brook  Station 

October  20-23, 1992 
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Issues  Associated  Mith  NTP  Fuels 


• Reactor  operates  at  temperatures  approaching 
3000  K 

• Fuel  is  susceptible  to  corrosion 

• Need  to  quantify  corrosion  products  / rates  to 
assess  fuel  performance 

• Severe  environment  during  test:  limits  methods 
of  measurement 

Laser-based  diagnostics  offer  means  of  probing 
environment  about  fuel 

Advantages:  non-intrusive 

unaffected  by  harsh  local  conditions 

CLS-92-1582 

In  order  to  generate  the  necessary  propulsive  perforinance,  the  nuclear  reactor  will  operate  at 
temperatures  approaching  3000  K.  Such  temperatures,  in  combination  with  the  high-pressure 
j,  hydrogen  propellant  flowing  through  the  core,  provide  a very  hosdle  operating  environment  for 
the  fuel  material,  particularly  with  respect  to  hydrogen-induced  corrosion.  Identifying  the 
corrosion  products  as  well  as  experimentally  quantifying  the  corrosion  rates  of  these  fuels  under 
a variety  of  conditions  is  critical  to  assess  the  expected  lifetime  of  the  reactor.  The  severe 
environment  surrounding  a fuel  material  under  test  is  not  conducive  to  probing  by  standard 
instrumentation.  Thus  alternative  diagnostic  techniques  are  required  to  provide  real-time 
monitoring  of  corrosion  products.  Laser  diagnostics  offer  a means  of  non-intrusively  probing 
the  high- temperature  environment  above  the  surface  of  the  fuel  to  identify  and  establish  spatial 
distributions  and  local  concentrations  of  many  of  the  anticipated  corrosion  species. 
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U-Zr-C  system  corrosion  products  | 

• (Ujj  Ztj.^)  Gy  solid  solution  dir  (IJ^  t C 

composite  fuel  material  serious  candidate  for  NTP 
reactor  fuels 

- High  n^ldng  temperatuie 

- Good  resistance  to  H2  corrosion 

• Calculations  indicate  that  for  H2  teiiipefatures 
>2800  K,  acetylene,  U(g),  and  Zr(g)  are  primary 
vapor  constituents 

• Zr  selected  as  species  to  probe 

- Major  corrosion  product 

- Corrosion  of  (U^  Cy  may  be  rate  limited  by 
transport  of  Zr  away  from  ruel  surfaces 

- Obviates  need  for  testing  in  H2  environments  cff  with 
uranium-containing  samples 

J 

CLS-92-1957 

Solid  solution  refractory  carbide  fuel  materials,  such  as  Ux&v.xCy,  are  being  seriously 
considered  as  candidate  NTP  reactor  fuels  because  of  their  high  melting  point  and  resistance  to 
corrosion  by  hydrogen.^  Butt^  has  calculated  the  equilibrium  partial  pressures  above  the  surface 
of  lfo.05Ztb.95C1 .07  during  exposure  to  1 atm  of  hydrogen  over  a temperature  range  of  2000  to 
3200  K.  The  results  show  that  in  high  temperature  hydrogen,  U(g),  Zr(g),  and  various 
hydrocarbon  species  dominate  the  gas-phase  products.  Above  approximately  2800K,  acetylene 
and  gas  phase  uranium  and  zirconium  are  predicted  to  be  die  primary  vapor  omstituents. 
Confirmation  of  such  predictions  through  experimental  measurements  is  critical  to  the  devel- 
opment of  accurate  corrosion  kinetics  models. 

In  the  current  study,  Zr  atoms  were  selected  as  the  species  to  probe  using  laser  techniques.  This 
selection  was  influenced  by  several  factors.  First,  the  zirconium  atom  is  predicted  to  be  a major 
corrosion  product.  Second,  the  coirosion  of  UxZr  j .j5Cy  in  hydrogen  may  be  rate  limited  by  the 
transport  of  gas  phase  Zr  away  form  the  surface.^  Third,  testing  a laser  diagnostic  fm*  zirconium 
obviates  the  need  to  perform  experiments  in  a hydrogen  environment  or  with  uranium- 
contitining  fuel^mples. 

1.  S.  K.  Bhattacharyya,  R.  H.  Cooper,  R.  B.  Mathews,  C.  S.  Olsen,  R.  H.  Titian,  and  C.  E. 
Walter,  “Fuels  and  Materials  for  Space  Nuclear  Propulsion,”  AIP  Proceedings  of  the  9th 
Symposium  on  Space  Nuclear  Power  Systems,  Albuquerque,  New  Mexico,  VoL  2.  pp  681- 
691  (1992). 

2.  D.  P.  Butt,  “Coirosion  of  U^Zri.^Cy  Nuclear  Fuel  Materials  in  Hydrogen  Gas  at  High 
Pressures  and  Temperatures,”  lAF  Paper  No.  92-0570, 43rd  Congress  of  the  International 
Astronautical  Fecteration,  Washington  DC  (1992). 
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Planar  Laser-Induced 

Fluorescence  (PLIF) 

• Highly  sensitive  technique 

• Absorption  of  laser  light  by  atomic  or 
molecular  species  followed  after  some  finite 
time  by  emission  from  the  excited  state 

• Intensity  of  emission  can  be  related  to 
concentration,  temperature,  velocity,  etc. 

• PLIF  represents  extension  from  point  or 
line  diagnostic  to  2D  or  field  measurement 
technique 

y 

CLS-92-1583 


Laser-induced  fluorescence  (LIF)  offers  a highly  sensitive  technique  for  monitoring  many  of  the 
NTP  fuel  corrosion  products  (including  Zr)  as  Well  as  for  determining  properties  of  the  NTP 
exhaust.  Quite  simply, LIF  can  be  viewed  as  an  absorption  of  laser  light,  at  a specific  frequency, 
by  an  atomic  or  molecular  species  followed  after  some  finite  time  by  an  emission  from  the 
excited  state.  This  emission  or  fluorescence  is,  in  general*  at  a different  (typically  longer) 
wavelength  than  the  exciting  laser  light’s  wavelength.  By  viewing  this  off-resonance  fluores- 
cence, it  is  possible  to  avoid  interference  from  scattered  laser  light. 

Planar  LIF  or  PLIF  represents  an  extension  of  the  LIF  technique  from  a point  or  line  diagnostic 
to  a 2D  or  Held  measurement  method.  In  general  , the  species-exciting  laser  beam  is  transformed 
into  a thin  sheet  by  the  placementof  cylindrical  lenses  into  the  optical  train.  A camerais  typically 
used  to  collect  the  resulting  fluorescence  emission*  perpendicular  to  the  species-exciting  laser 
sheet.  The  local  intensity  of  the  collected  light  can  then  be  related  to  the  concentration, 
temperature,  or  velocity  of  the  target  species.  The  non-intnisive  nature  of  this  technique,  as  well 
as  its  good  spatial  and  temporal  resolution,  make  it  particularly  well  suited  for  application  as  a 
diagnostic  in  the  high  temperature  NTP  operating  environment. 
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A PLIF  scheme  for  measurement  of  corrosion  species  evolving  during  the  test  of  an  NTP  fuel 
sample/element  could  take  the  above  configuration.  The  laser  sheet  is  passed  through  the  high 
temperature  hydrogen  stream,  which  contains  the  various  corrosion  products,  and  contacts  the 
surface  of  die  fuel.  Fluorescence  emission  from  the  chosen  target  species  is  then  imaged 
producing  a two-dimensional  distribution  map. 
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Production  of  zirconium  vapor  for  subsequent  illumination  by  a PLIF  diagnostic,  is  accom- 
plished by  focusing  a pulsed  laser  onto  a ZrC  target.  This  technique,  known  as  laser  ablation, 
represents  a relatively  simple  method  for  producing  gas  phase  samples  of  refractory  materials. 

The  apparatus  utilized  for  these  experiments  is  displayed  above.  The  cubical  (~30  cm)  ablation 
chamber  contains  five,  window  ports  which  allows  optical  access  to  its  interior.  The  chamber 
is  evacuated  by  a standard  mechanical  pump  through  both  a liquid  nitrogen  and  alumina-Hlled 
trap.  The  chamber  can  be  backfilled  with  a variety  of  gases  through  a separate,  flow  regulated 
feed  line.  During  each  experiment,  a slow  flow  of  argon  is  maintained  through  this  line  and  the 
chamber  to  minimize  the  buildup  of  particulate.  A series  of  capacitance  type  manometers  and 
thermocouple  gauges  are  available  to  monitor  chamber  pressure.  The  base  pressure  for  the 
chamber  is  20  mtorr.  Typical  operating  pressures  are  between  7 to  10  torr.  The  ZrC  target 
specimen  is  positioned  on  a rotating  table  which  is  externally  driven  by  a variable  speed  DC 
motor.  Rotation  of  the  target  prevents  the  formation  of  a pit  in  the  ZrC  disk  by  action  of  the 
ablation  laser. 

A Lumonics  model  TE- 860-4  excimer  laser  operating  at  248  nm  is  used  to  produce  the  abadon 
pulse.  Beam  energies  are  on  the  order  of  100  mJ/pulse  and  the  laser  is  operated  with  a 5- 10  Hz 
repetition  frequency.  The  beam  is  brought  to  the  ablation  chamber  by  several  high  reflectance 
mirrors  and  focused  at  normal  incidence  onto  the  target  using  a 1 8.3-cm  focal  length  quartz  lens. 
The  ablation  spot  size  is  approximately  1 mm^  and  the  corresponding  laser  fluence  at  the  target 
is  ~670  MW/cm^.  The  PLIF  sheet  is  passed,  at  right  angles,  through  the  plume. 
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Plume  emission  images  were  recorded  at  different  delay  times.  One  representative  ZrC  plume 
emission  image  is  displayed  above.  The  ability  to  acquire  such  images  represents  a necessary 
step  in  the  application  of  the  PLIF  technique.  An  intensified,  gated  uv  camera  (Xybion  model 
ISG-250-U)  with  a 105  mm,  f/4.5  quartz  focusing  lens  was  interfaced  with  an  EPIX  Silicon 
MUX  RGB  firame  grabber  board  with  a programmable  trigger  option.  The  timing  of  the  camera 
intensifier,  frame  grabber  board,  and  excimer  laser  was  controlled  using  a Stanford  Research 
System  model  DG535  programmable  delay/pulse  generator.  The  above  image  was  captured 
50  ps  after  the  excimerlaser  pulse.  The  ablation  chamber’  s argonbackground  pressure  was  held 
constant  at  7.5  torr  and  the  camera  gate  widdi  set  at  20  ps.  In  these  expanding  plasmas,  atom 
velocities  can  exceed  10^  cm/s  at  low  background  pressures  (tens  of  mtorr)  with  neutral  gas 
temperatures  near  the  target  surface  approaching  15,0(K)  K. 
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ZrC  Emission  Spectrum 


Wavelength  (A) 


V J 

CLS-92-794 


Temporally  resolved  ZrC  plume  emission  spectra  were  recorded  for  regions  near  the  target 
surface.  The  chamber  pressure  was  maintained  at  8 torr.  A representative  ZrC  plume  emission 
s^cnaim,  recorded  1 0 |ls  after  the  excimer  laser  pulse,  is  shown  above.  This  emission  spectrum, 
which  covers  a wavelength  range  from  200.0  to  500.0  nm,  is  dominated  by  the  presence  of 
zirconium  atom  emission  (Several  of  the  many  Zr(I)  lines  are  identified  in  the  figure).  No 
emission  lines  from  other  species,  such  as  cart>on  atoms  are  identified  in  the  emission  traces. 


NTP:  Technology 


528 


NP-TIM-92 


1 ^ 1 - 1 ^ 1 ^ — 1 — 

Zirconium  carbide  emission 
Argon  chamber  pressure  = 8 Torr 

lild, 

100  |is 

200^8 

300^18 

500  ixs 
1 ms 

. 

1 1 1 1 1 

2000  2500  3000  3500  4000  4500  5000 

Wavelength  (A) 

_ _ _ _ _ _ ^ 

CLS-92-1590 


By  adjusting  the  delay  time,  it  is  possible  to  establish  emission  spectra  at  specific  times  during 
the  plume  expansion  event  For  example,  ZrC  emission  spectra  recorded  for  increasing  delay 
times  indicate  that  the  plume  emission  intensity  has  reduced  to  essentially  undetectable  levels 
at  approximately  1 ms  (for  a background  pressure  of  8 torr).  Such  areduction  is  due  to  expansion 
cooling  and  quenching  through  radiative  and  collisional  processes.  Quantifying  the  temporal 
behavior  of  plume  emission  intensity  is  important  for  establishing  the  proper  delay  times  to 
acquire  PLIF  images  of  the  expanding  zirconium  vapor  as  it  reduces  interference  from 
background  emission. 
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PLIF  Imaging  of  Zr  C Piume 

• Zr(I)  ground  state  to  excited  state  transition 
at  35515  cm'^  pumped  using  Nd:YAG 
laser-pumped  dye  laser  (R596  dye) 

• Fluorescence  emission  monitored  at 
418.76  nm  using  filtered,  gated,  uv^intensified 
CCD  camera  coupled  to  frame-grabber  board 

• Image  capture  at  different  times  after 
excimer  pulse 

• PLIF  sheet  30.0  mm  x <0.5  mm 


V J 

CLS-92-1584 


PLIF  images  of  the  spatial  distribution  of  the  zirconium  atom  in  the  2sC  plume  have  been 
acquired.  To  capture  these  images,  the  Zr(I)  ground  state  to  the  excited  state  (t^F°2,  J=2) 
transition  at  35,515.4  cm‘*  (281.5  nm)  was  pumped  using  the  frequency  doubled  ouqjut  of  a 
Nd:YAG  laser-pumped  dye  laser  operating  on  Rhodamine  590  dye.  Fluorescence  emission  at 
418.76  nm,  corresponding  to  the  transition  from  the  t^F®2  excited  state  to  the  b^p2  (J=2) 
intermediate  state  at  1 1640.7  cm‘^  was  captured  with  the  uv-intensified  CCD  camera.  A dye 
laser  sheet  approximately  30.0  mm  by  0.5  mm  was  formed  for  passage  through  the  plume  by 
a lens  combination  consisting  of  a + 1 00  mm  (converging)  lens  and  a - 100  mm  (diverging)  focal 
length  cylindrical  lens  and  a 150  mm  focal  length  spherical  lens. 
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f PLIF  Image  of  Zr  in  Ablated  Plume 


A PLIF  image  showing  the  spatial  distribution  of  ground  state  zirconium  atoms  in  the  ZrC  plume 
is  shown  above.  The  fluorescence  emission  was  filtered  using  a GG395  filter.  The  image  was 
recorded  625  |is  after  the  ablation  laser  pulse  with  the  camera  gate  width  set  at  20  |xs.  The  spots 
observed  in  this  image  are  pieces  of  hot  (radiating)  sputtered  material  from  the  target. 


NP-nM-92 


531 


NTP:  I’cchnology 


r 


Summary 

• Utilized  a focused  excimer  laser  to  ablate  material 
from  ZrC  targets 

• Zr  prevalent  in  plumes 

• Temporally  resolved  CCD  image  of  plume  emission 
generated 

'tplun.e  ~ 1 ms  (PBackground  = * ® 12,000  K 

• PLIF  utilized  to  successfully  image  Zr  atom  distribution 
in  plume 

• PLIF  technique  should  be  able  to  monitor  Zr  about 
fuel  element  under  test 

V / 

CLS-92-1585 


We  have  utilized  a focused  excimer  laser  to  ablate  material  from  ZrC  targets  for  the  purpose  of 
developing  appropriate  laser-based  diagnostics  for  gas-phase,  corrosion  products  from  hydro- 
gen-exposed UxZr  j .xCy  fuel  elements  proposed  for  NTP  application.  Temporally  and  spatially 
resolved  emission  spectra  from  the  produced  vapor  plumes  show  the  dominating  presence  of 
zirconium  atoms.  Temporally  and  spatially  resolved  images  of  the  ZrC  plume  emission  have 
also  been  recorded.  The  PLIF  technique  has  been  successfully  used  to  image  Zr  atom 
distributions  in  the  ablated  ZrC  vapor  plume  and  thus  could  potentially  be  utilized  to  monitor 
Zr  about  fuel  elements  under  test. 
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Future  Activities 


• Investigate  other  fluorescence  excitation 
wavelengths  for  Zr 

• Expose  samples  to  rf-heated,  hydrogen  containing 
flow  and  probe  flowfleld  around  and  downstream  of 
sample  with  PLIF  diagnostic 

• Investigate  other  NTP  fuel  materials; 

(U-Nb-C)  system 

• Quantify  Zr,  Nb,  etc.  concentration  in  terms  of 
fluorescence  emission 


V. J 

CLS-92-1586 

Potential  future  activities  include  investigating  other  zirconium  atom  excitation  wavelengths  to 
ascertain  the  optimal  transition  for  obtaining  PLIF  images  in  the  ZrC  ablation  plumes. 
Following  such  determination,  ZrC  samples  will  be  exposed  to  radio-frequency  (rf)  heated, 
hydrogen-containing  flows  and  the  PLIF  diagnostic  will  be  used  to  measure  Zr  atom  distribu- 
tions in  the  region  surrounding  the  samples  or  in  the  nozzle  exhaust  flow. 

For  this  study,  a radio  frequency  discharge  driven  flow  system  will  be  used  to  produce  a 
continuous,  high  temperature,  chemicaily-clean  gas  s tream.  The  unique  feature  of  this  system, 
which  has  been  described  by  Wantuck,^*^  is  the  use  of  an  inductively  coupled  plasma  tube  as 
a high  enthalpy  gas  source.  A 50  kW  rf  generatoris  used  to  supply  power  to  the  tube  where  the 
the  gas  is  heated  to  between  5000 to  1 0,000 K.  The  system  configuration  will  allow  two  different 
modes  of  ZrC  sample  heating,  namely,  placement  of  the  sample  within  the  plasma  tube  for  direct 
inductive/plasma  heating  or  positioning  downstream  of  the  nozzle  exit  for  heating  by  the  gas 
stream.  The  first  configuration  approximates  corrosion  species  distribution  in  an  NTP  exhaust 
flowfield.  The  second  configuration  best  simulates  propellant  flow  over  a fuel  element.  In  both 
cases,  a dye  laser  beam,  operating  at  the  same  wavelength  employed  for  the  plume  PLIF 
illumination  studies,  will  be  used  to  probe  the  nozzle  exit  flowfield  or  the  region  surrounding 
the  gas-stream  heated  ZrC  sample. 

1.  P.  Wantuck  and  H.  Watanabe,  “Radio  Frequency  (RF)  Healed  Supersonic  Flow  Laboratory ,”  AIAA 
Paper  No.  90-2469, 1990. 

2.  P.  J.  Wantuck,  R.  A.  Tennant,  H.H.  Watanabe,  “Supersonic  Combustion  of  a Transverse-InjectedH2 
Jet  in  a Radio  Frequency  Heated  Flow,”  AIAA  Paper  No.  91-2393, 1991 . 
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SNTP  Propellant  Management  System 

Current  SNTP  Engine  System 
Uses  High  Temperature  Bieed  Cycie 


Pump  Discharge 
Shutoff  Valve 


Hydrogen 

Flowmeter 


Tank  Shut-off  Valve 
Boost  Pump  Ejector 


Turbopump 

Assembly 

Turt3ine  Control  Valve 


Presented  by:  Tom  Tippetts 
Allied  Signal 


SNTP  Cycle  Selection 

Full-Temperature  Bleed  Cycle  is  Lowest 
Engine  System  Mass  with  Minimal  Isp  Penalty 


IDEAL  SPECIFIC  IMPULSE 


• No  design  interaction  with  reactor 

• Allows  light-weight  radiation- 
cooled  nozzle 

• Lowest  system  complexity, 
potentially  highest  system 
reliability 

• High-temperature,  low-Z  material 
minimize  cooling  in  radiation 
environments 
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NTP  System  Components 
Have  Unique  Design  Constraints 


• High  Ionizing  Radiation  Environment 

• High  Heat  Load  From  Radiation  Energy 
Absorption 

• Restricts  Use  Of  High-Z  Materials 

• Design  Must  Provide  For  Heat  Removal 


Bleed  Cycle  Presents  Unique 
Design  Requirements  for 
Turbopump 


• Moderate  operating  pressures  ( 1 350  psi) 

« Single-stage  pump 

■ Light  pressure  vessels 

• High  operating  temperatures  (2750  K1 

■ Highly  energetic  working  fluid 

■ High-pressure  ratio  impulse  turbine 

■ High  turbine  temperatures 

■ Large  thermal  gradients 

• Environmental  factors 

■ Environmental  heating  — low  -Z 
material 

■ Limited  elastomers  selection 

■ Hot-hydrogen  embrittlement 

• Use  of  bleed  cycle  and  uncooled  thrust 
nozzle  results  in  substantial  system  weight 
savings. 
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Bleed-Cycle  Turbopump 

Uses  Carbon-Carbon  Components  for 
Operation  on  2750  K Gas 


Carbon-Carbon 
Hot  Section 
Housing 

Carbon-Carbon 

Turbines 

Titanium 

Shafting 


Carbon-Carbon 

Nozzle/Plenum 

Aluminum 
Pump  and 
inducer 

Ceramic  Rolling 
Element  Bearings 
or  Foil  Bearings 


Pago  4 


H>2782 


Design  is  Based  on  Technology  Developed 
on  the  ELITE  Program 


Helical  2-D  polar  weave 
architecture 

Impulse  blades 

55,600  rpm 

2750  K inlet  temperature 

45~percent  design  stress 
margin 

26-percent  design  speed 

margin 


NTP:  Technology»«..  ? 


536 


Turbine  Development  Program 

High-Temperature,  Carbon-Carbon 
Components  Are  Being  Fabricated  and 
Wiil  be  Tested  at  2750  K 


Turbopump 

Preliminary 

Design 


Hi  gh-Temperature 
Component  Design 
and  Fabrication 


Hot-Turbine 
Spin  Rig 
Test  (HTSR) 


P*H3»>  3 


(T)2782 


NP  TIM  92 


San  Tan  Hydrogen  Test  Facility 

^aciUty  Constructed  for  Development  of  SNTP 
Hydrogen-Related  Components 


• Turbopump, 
valves,  internal 
reactor 
components 

• Hot,  two-phase, 
and  cryogenic 
hydrogen 
capability 

• Dedicated 
facility  for  non- 
nuclear NTP 
testing 

• Gompany- 
funded 
construction 
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SANDIA  NATIONAL  LABORATORIES 


Tlie  objective  of  the  SNTP  program  is  to  develop  advanced  hudear  thermal  propulsion 
technology  based  on  the  partide  bed  reactor  concept.  A strong  philosophical  conunitment 
exists  in  the  industry/national  laboratory  team  direced  by  the  Air  Force  Phillips  Laboratory 
to  emphasize  testing  in  development  activities.  This  presentation  focuses  on  nuclear 
testing  currently  underway  to  support  development  of  SNTP  technology 
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Summary  Test  Logic  For  NTP  Development 


SAFETY,  FUNOAMEMTAL  RESEARCH,  AND  TRAININQ  TECTS  AS 
NEH)EO TO  SUPPORT  development  AND  OPERATIONS 


This  is  the  summary  test  logic  for  NTP  Development  that  has  been  generally  accepted  in 
the  propulsion  community  provided  resources  are  aviulable.  It  is  very  consistent  with  the 
SNTP  approach.  Because  of  the  limited  time  for  the  presentation,  I will  concentrate  on 
critical  assembly  tests,  fuel  nuclear  tests,  and  fuel  element  tests  in  loops  in  an  existing 
reactor.  Given  time,  I would  discuss  each  box. 
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Critical  Experiment  (CX) 


Purpose: 

To  obt^n  neutronic  Information  for  cnglneorin0 

needs  (Safet/,  Mechanical  Design,  Control,  Power 

Distribution,  Weight,  Reactor  Design) 

Accomplishments: 

• Movable  test  reactor  built  - critical  on  October  24, 1989 

• Excess  reactivity  • good  agreement  with  predictions 

• PeeR-A'^oo  control  scheme  feasibility  demonstrated 

- Control,  safety,  and  shim  element  worth  determined 

• Moderator  temperature  coefficient  determined 

• Near-Term  Priority: 

- Hot  RHO  experiment  completion 

- Cold  moderator  tollow  - on  experiment 

- Para/Oftho  hydrogen  worth 

@ 

In  the  critical  assembly  test  category,  an  operating  low-power  reactor  called  CX  was 
developed  and  is  operated  in  the  Sandia  Pulsed  Reactor  (SPR)  ^Uity.  The  goal  of  CX  is 
to  perform  nuclear  measurements  that  allow  for  neutronic  codes  and  cross-sections  to  be 
benchmarked  so  that  design  margins,  controllability,  and  limiting  acddent  scenarios  maybe 
predicted  and  assessed  for  PBRs  with  reliability  and  certainty.  The  SNTP  team 
successfully  fulfilled  all  approval  requirements  imposed  by  DOE  for  operating  a critical 
assembly.  The  CX  achieved  first  critical  in  October  1989.  Eight  experiment  campaigns 
have  been  performed  to  date  with  over  1 00  operations  logged.  Several  of  the  major 
completed  experiments  have  been  listed  in  this  vugraph. 


Comii^eted  Expdriment$ 


Ooniipi 

Bemenl 
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Sandia  and  the  SNTP  Team  Built  and 
Operate  a Low-Power  PBR  for 
Reactor  Physics  Experiments 


This  is  a photograph  of  the  CX  assembly  with  the  water  moderated  removed. 


NP-HM-92 


541 


NTP:  Technology 


Experiment  Data  Flow 


PaTarttetars 

Ufhtts 

i 

FuelPaitIcto  | | PMt 

HotPrIt 
CcrfdFHt 


End  Fittings 


Data  on; 

Coatings 
Tamp  Capability 
Strength 
Pressure  Drops 
MechaiUcal  Part 
Cycling  Capability 


Data  on: 
Corrosion 

Safety  (FSAP) 

PFI 

Operating  Margins 

Pressure  Drops 

Design  Margins 

Mechanical  Pert 

Controls 

Cycting  Capablllfy 

thermal/HydraCiIics 

Teirip  Cap^flNy 

Ditidri: 

thdfme^ydniulics 

Controls 

corrosion 

design  Margins 

Neutronics 

Mederotor 

Meeffstdoil 

Pressuro  Drops 

POH. 

Moving  on  to  fuel  and  fuel  element  tests,  this  figure  sHows  the  experiment  data  flow  for 
tests  on  these  key  nuclear  components.  Some  of  the  test  acronyms  are  as  follows: 

PHT  = Particle  Heating  Tests 

PNT  = Particle  Nuclear  Tests 

NET  = Nuclear  Element  Tests 

PIPET  = PBR  Integral  Performance  Element  Tester 

GTA  = Ground  Test  Article  (System-level  test) 

This  sequence  follows  the  test  logic  of  going  from  components  to  subsystems  to  ^sterns. 
The  stepwise  data  achieved  in  these  tests  is  key  technology  development  and  validation. 
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Particle  Nuclear  Test  (PNT) 


PURPOSE: 

To  conduct  in*reactor  testing  of  fuel  particles  to  provide  design  verification, 
Identify  potential  failure  modes,  and  evaluate  effects  of  manufacturing 
process  variables. 


ACCOMPLISHMENTS: 


STATUS: 

• Performance  limits  determined  for  baseline  fuel.  Integrated  fission  product 
release  Model  operational.  Additional  tests  planned  as  fuel  becomes  availabie 


PNTs  are  performed  on  fiiel  particles  to  provide  design  verification,  identify  potential 
failure  modes,  and  evaluate  effects  of  manufacturing  process  variables.  Since  this  vugraph 
was  prepared,  a fifth  capsule  test  was  performed  on  baseline  particle  fuels.  This  vugraph 
shows  the  range  of  test  parameters.  A computer  code  called  HEISHI  is  now  operational  at 
Sandia  to  predict  particle  performance  and  to  estimate  fission  product  releases.  The  PNTs 
provide  a considerable  amount  of  data  for  code  validation. 
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PNT-I  Fuel  Holder 


This  is  a fuel  holder  used  in  PNT  experiments  conduced  to  date.  It  holds  one  cubic 
centimeter  of  fuel  jparticles. 


7 


NTP:  Technology 


544 


NP-TIM-92 


PNT  Fuel  Holder 


Fuel  Particles 
Zr02  Insulatio 
Al  Fuel  Holder 


This  is  a photo  of  a PNT  fuel  holder  vnth  the  top  cap  femoved  after  a test. 
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PNT-I  Experiment  Gipiult 


Several  (typical  3)  fuel  holders  are  placed  in  an  experiinent  capsule  for  irradiation.  The 
capsule  is  placed  in  the  central  cavity  of  the  Annular  Gore  Research  Reactor  (ACRR)-  The 
ACRR  is  a pulse-type  reactor  that  serves  as  the  driver  core  for  creating  the  desired 
experiment^  conditions.  After  an  experiment  is  complete,  the  fuel  is  removed  for  post- 
irradiation  examination. 
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PNT  Particle  Bed  After  Nuclear 
Irradiation  in  the  ACRR 


12.7  mm 


TWs  photo  shows  a FNT  particle  bed  after  nuclear  irradiation  in  the  ACRR. 
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Nuclear  Element  Test  (NET) 

Closed  Loop,  In-Reector  Test  Of  A Complete  Fuel  Element 
In  Flowing  Cryogenic  Hydrogen 

Purpose: 

• pemonstrate  Integration  of  fuel  element 
technpfogies 

• Test  to  full  temperature  capability 

• Validate  fuel  element  designs 

• Support 

development 
-Fu^  development 
-Modef  varificatlon 
•S^ety  analysis 

Accomplishments: 

• Test  h^ware  designed  and  fabricated 

• Uiiftie.l<^*e3^Hment  assembly  and 
flow  loop  performance  characterized  in 
helium 

• Test  reactor  (ACRR)  control  capabilities 
demonstrated 

Status: 

• testing  In  cryogenic  hydrogen 
summerlS^ 

• rirst  fueled  test  (NET-1)  early  CY 1993 


The  next  step  is  to  assemble  particles  into  a complete  Riel  element  that  cm  be  tested  incore 
in  flowing  hydrogen.  The  NET  experiments  provide  this  demonstration  of  integrated  fuel 
element  performance  up  to  the  limits  of  what  environments  can  be  achieved  in  existing 
reactor  facilities.  Since  this  vugraph  was  prepared,  the  unirradiated  tests  with  cryogenic 
hydrogen  in  the  NET-0  experiment  capsule  have  been  successfully  completed.  Six  weeks 
after  receipt  of  a fiiel  element,  a nuclear  test  can  be  completed. 

A computer  code,  F2D,  has  been  developed  and  is  used  to  predict  the  thermal-hydraulic 
performance  of  the  NET  element.  Codes  such  as  this  are  being  used  by  the  SNTP  program 
to  evaluate  key  thermal-hydraulic  issues. 

At  the  systems  level,  the  SAFSIM  Code  has  been  developed.  A separate  paper  on 
SAFSIM  is  being  presented  in  a later  session. 
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Nuclear  Element  Test 
Fuel  Element 


Hot  Frit 


Cold  Frit 


End  Flange 


This  photo  shows  the  fuel  element  configuration  to  be  evaluated  in  the  first  NET  test. 
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This  photo  shows  the  inside  portion  of  a NET  capsule:  it  would  be  surrounded  by  the 
capsule  containments  for  in-core  tests. 
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Ground  Test  Facility  System 


In  closing,  1 would  like  to  note  that  extensive  testing  has  already  been  performed  and  more 
will  be  conducted  in  the  future  using  existing  reactor  facilities.  However,  eventually  we 
will  reach  the  limits  of  what  we  can  do  in  existing  facilities.  A new  ground  test  facility  vwll 
be  required  for  testing  elements  and  reactor/en^ne  systems.  This  vugraph  shows  the 
functions  that  must  be  performed  by  this  facility.  The  environmental  process  to  be 
reviewed  by  the  next  speaker  outlines  a key  contribution  to  the  decisions  defining  the 
scope  and  location  of  this  ground  test  facility 
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SNTP  ENVIRONMENTAL,  SAFETY,  ANO  HEALTH 
NASA-LEWIS  NP-TIM-92 


Presenter 

Charles  D.  Harmon 


21  October  1992 


SAFETC  POLICY 

Inipii'mcnliLlion  Plan  and  Goaln 
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PROGRAM  SAFETY  POLICY 


o POLICY  DOCUMENT  PU8USHED  (N  MAY  1 992 
o OVERALL  OBJECTIVES: 

--  TO  ENSURE  THE  MAXIMUM  PROTECTION  OP  THE  HEALTH  AND  SAFETY  OF 
THE  PUBLIC  AND  SNTP  WORKERS 

~ TO  PROTECT  PROPERTY  FROM  DAMAGE  OR  LOSS 

- TO  PROTECT  THE  ENVIRONMENT  FROM  CONTAMINATION  OR  DAMAGE  AS 
A CONSEQUENCE  OF  SNTP  ACTIVITIES 


C PROGRAM  SAFETY  POLICIES 


o SAFETY  AND  ENVIRONMENTAL  PROTECTION  WILL  BE  EXPLICITLY 
CONSIDERED  AND  INCORPORATED  THROUGHOUT  THE  LIFETIME  OF 
EVERY  SNTP  PROGRAM  ACTIVITY. 

a THE  SNTP  PROGRAM  SHALL  MEET  ALL  MANDATED,  STATUTORY,  AND 
LEGAL  REQUIREMENTS  FOR  SAETY  AND  ENVIRONMENTAL 
PROTECTION. 

0 ADOrnONALLY,  EVERY  PRACTICAL  EFFORT  SHALL  BE  MADE  TO 
MAINTAIN  RISKS  DUE  TO  RADIATION  AND  TOXIC  MATERIAL 
EXPOSURES  AS  LOW  AS  REASONABLY  ACHIEVABLE  (ALARA) 


o COMPLIANCE  WITH  THESE  REQUIREMENTS  WILL  BE  BASED  ON  THE 
PRINCIPLES  OP  DEFENSE-IN-DEPTH  INVOLVING  MULTIPLE  PHYSICAL, 
PROCEDURAL,  AND  ADMINISTRATIVE  BARRIERS. 
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Space  Nuclear  Thermal  Propulsion 
EIS  Process 


DEIS  PUBLIC  HEARING  COMMENTS 


o NEPA  PROCESS: 

--  INSUFFICIENT  REVIEW  PERIOD 

- SCOPING  COMMENTS  NOT  INCLUDED 

- POSTPONE  PENDING  RELATED  NEPA  ACTIVITIES 

- REQUESTED  ADDITIONAL  PUBLIC  HEARINGS 

- INAPPROPRIATE  SCOPE 

- INSTALLATIONS  NOT  EQUALLY  REPRESENTED 

- INSUFFICIENT  STATEMENTS  OF  PURPOSE  AND  NEED 
o PROVIDES  OPTIONS  FOR  TESTING  ALTERNATIVE  FUELS 

o REQUESTED  CLARIFICATION  RELATIVE  TO  INDEMNIFICATION 
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DEIS  PUBLIC  HEARING 
COMMENTS  (cont'd) 

QUESTIONED  RELATIONSHIP  TO  PREVIOUS  CLASSIFIED 
DOCUMENTS 

IMPACTS  ON  YUCCA  mountain  NOT  ANALYZED 
POTENTIAL  IMPACTS  ON  EMPLOYMENT  NOT  ANALYZED 
ALTERNATIVES: 

- PERSONNEL  REQUIREMENTS  UNDERESTIMATED 

- ALL  SUITABLE  SITES  HAVE  NOT  BEEN  INCLUDED 

- TRANSPORTATION  ISSUES  INADEQUATELY  ADDRESSED 

- METEOROLOGICAL  PREREQUISITES  NOT  SPECIFIC 

- NON-NUCLEAR  ALTERNATIVES  NOT  CONSIDERED 


DEIS  PUBLIC  HEARING 
COMMENTS  (cont'd) 

o HAZARDOUS  MATERIALS: 

- HIGH  LEVEL  WASTE  STREAM  NOT  IDENTIFIED 

- TRU  WASTE  CERTIFICATION  MISREPRESENTED 

~ WASTE  REDUCTION  TECHNIQUES  NOT  ADDRESSED 

- WIPP  CAPABILITIES  OVER  ESTIMATED 

- SOME  DISPOSAL  METHODS  ARE  ILLEGAL 

- LIQUID  WASTE  STREAMS  NOT  ANALYZED 

- RCRA-LISTED  WASTE  NOT  SPECIFIED 

- LIMITS  OF  INEL  RCRA-B  EXCEEDED 

- LDR  WASTES  NOT  IDENTIFIED 

o POTENTIAL  GREENHOUSE  EFFECT  NOT  ANALYZED 


O 

o 

o 

o 
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DEIS  PUBLIC  HEARING 
COMMENTS  (cont'd) 

o PROPOSAL  INSENSITIVE  TO  DESERT  ECOLOGY 
o NATIVE  AMERICAN  ISSUES  NOT  ADDRESSED 
o GEOLOGY  AND  SOILS: 

- SEISMIC  ACTIVITIES  UNDERESTIMATED 

- VOLCANIC  ACTIVITIES  UNDERESTIMATED 

- FLOODING  POTENTIAL  UNDERESTIMATED 
O WATER  RESOURCES: 

~ POTENTIAL  DROUGHT  EFFECTS  NOT  ANALYZED 
GROUNDWATER  UNCERTAINTIES  NOT  IDENTIFIED 


DEIS  PUBLIC  HEARING 
COMMENTS  (cont'd) 


O HEALTH  AND  SAFETY 

- ALARA  PRINCIPLE  NOT  SUFFICIENTLY  EXPLAINED 
HEAT  RELATED  SAFETY  ISSUES  NOT  IDENTIFED 

- ACCIDENT  ANALYSES  NOT  BOUNDING 

-■  INSUFFICIENT  DESIGN  DETAIL  - CONTAINMENT  & CONTROL 

- INSUFFICIENT  DESIG  N DETAIL  - ETS 

- CONTROL  ROOM  HABITABILITY  NOT  DEFINED 

- INAPPROPRIATE  CORRELATIONS  TO  CHEST  X-RAYS 

~ FALLOUT  CONSEQUENCES  TO  FLORA/FAUNA  NOT  DISCUSSED 
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DEIS  PUBLIC  HEARING 
COMMENTS  (cont'd) 


o HEALTH  AND  SAFETY  (cont’d) 

- HYDROGEN  SAFETY  ISSUES  NOT  ADEQUATELY  ADDRESSED 

- HYDROGEN  EMBRITTLEMENT  ISSUES  NOT  CONSIDERED 

- CONSEQUENCES  TO  SOUTHERN  UTAH  NOT  SPECIFIED 

- METHODS  TO  CALCULATE  EXPOSURE  NOT  EXPLAINED 

- QUANTITY  OF  REACTOR  CORES  ON-SITE  NOT  SPECIFIED 

- REQUESTED  A DISCUSSION  OF  MILK  MONITORING  PROGRAMS 

- CLARIFY  HAZARDS  OF  LONG  TERM  LOW-LEVEL  EXPOSURES 


DEIS  PUBLIC  HEARING 
COMMENTS  (cont'd) 


0 HEALTH  AND  SAFETY  (cont'd): 

~ NO-THRESHOLD-LEVEL  CONCEPT  NOT  APPLIED 

- INVERSION  LAYER  EFFECTS  ON  Be  RELEASES  NOT  DISCUSSED 
~ BACKGROUND  DOSES  ARE  TOO  HIGH 

- LACK  OF  RAIL  SYSTEMS  NOT  IDENTIFIED 

~ PROGRAM  BENEFITS  NOT  COMPARED  TO  RISKS 

- EFFECTS  FROM  HIGH  VOLTAGE  LINES  NOT  DISCUSSED 

- DOE  SAR  PROCESS  INADEQUATE 

- 20%  NESHAP  REPRESENTS  SIGNIFICANT  INCREASES 


NP-TIM-92 


557 


NTP:  Technology 


nm 


DEIS  PUBLIC  HEARING 
COMMENTS  (corn'd) 


o HEALTH  AND  SAFETY  (cont'd) 

- 1 70  mRem  LIMIT  NOT  EXPLAINED 

~ CHARTS  DO  NOT  SUPPORT  DECREASING  DOSE  CLAIMS 

- 19B0  CENSUS  DATA  USED  FOR  IMEL 
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